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Abstract
X-ray detectors are used in a number o f  areas, nam ely in astronomy, m icroscopy, 
m edical im aging diagnostic, b iological science and material analysis [1- 10].
Demand is rising significantly within the industry for X-ray detectors that do not 
require a cooling system , e.g. pin-diode detectors.
The elim ination o f  the cooling system  w ill facilitate the design o f  portable detectors. 
D evelopm ent o f  this technology opens opportunities for the design o f  new  
instruments and the manufacture o f  more specialist detectors for custom ised  
applications.
The rapid progress o f  the sem iconductor industry has enabled the construction o f  
more sophisticated electronic devices. This progress has also resulted in the creation 
o f  simulation tools, which enable researchers to simulate the processing o f  their 
devices. This method is more tim e and cost efficient as different m odels can be tested  
before actually investing in device processing in a laboratory.
For this project w e have used Silvaco sim ulation tools and packages to design nine 
different pin-diode X-ray detectors and evaluated their electrical performance before 
manufacturing them.
Microfabrication technology has also been em ployed to make the pin-diode X-ray 
detectors that are capable o f  sim ultaneously detecting low  X-ray energies (< 1 0  keV) 
and measure the radiation energies w ith high sensitivity, speed and resolution. The X - 
ray detectors have been manufactured using the University o f  Surrey’s cleanroom and 
laboratories.
This project is run as a K now ledge Transfer Partnership schem e in partnership with  
e2V  Scientific Instruments (e2V si).
To improve efficiency and productivity in industry, recent year's have seen increased  
collaboration between industry and academia. N e w  technologies have been  
com m ercialised with varying degrees o f  success and new  applications have emerged, 
also benefiting academ ic research.
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e2V si is a manufacturing com pany specialising in the design, developm ent and 
production o f  high resolution sem iconductor X-ray detectors and the project 
objectives are therefore closely  aligned w ith industry's needs.
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1 Introduction
In 1895 German physics professor W ilhelm  Conrad Rontgen, w hile experimenting 
with a cathode-ray tube, noticed a green light against a bench one meter away from  
the tube. Surprisingly, the light was travelling through som e materials (paper, wood, 
and books) in its way. He called this X-rays because o f  the algebraic sym bol o f  the 
unknown variable in order to indicate that it was an unknown type o f  radiation.
Since then scientists have becom e interested in measuring the energy o f  X-rays and 
also identifying the direction o f  the radiation by manufacturing various types o f  X-ray 
detectors.
To understand radiation detection w e need to investigate and determine the radiation’s 
properties and characteristics.
An X-ray is an electromagnetic radiation with a wavelength between 1 Onm and 
100pm, corresponding to frequencies in the range 3 x l0 4 THz - 3 x l0 6 THz. In the 
electrom agnetic spectrum, X-rays are located before the Ultra V iolet (U V ) in wave  
length and have higher energies than UV . See Figure 1.
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Wavelength
—i 1 1 1 1 1 1 1--- 1--- 1--- 1--- 1 1 1 1 1 1 1 1 1 1 1 1 1 r-
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Figure 1: The electromagnetic spectrum [11].
The basic production o f  X-rays is by accelerating electrons in order to collide with a 
metal target. The electrons must have enough energy to be able to knock out an 
electron from the inner shell (K -shell). The incom ing X-ray ejects an electron from 
the inner shell (K -shell) and creates a vacancy. For the atom to go back to the stable
condition, an electron from the L, M , or N -shell jum ps in, to fill the vacancy. I f  the 
electron jum ps from the L-shell to the K -shell, the emitted X-ray is called K a, i f  it is 
from the M -shell, it is called K(3 and i f  it is from N -shell it is called Ky. The X-ray’s 
energy emitted from the atom is the energy difference between the corresponding 
shells. That is w hy the emitted X-ray has different levels o f  energy.
W hen a vacancy is created in the L-shell by either the primary excitation X-ray or by  
the previous event (an electron jum ping from the L- to the K -shell), an electron from  
the higher shells (M  or N ) jum ps in to occupy the vacancy in the L-shell. I f  an 
electron from the M  shell jum ps, the X-ray that is emitted from the atom is called La  
and i f  it is from N  shell is called Lp.
Figure 2 show s a sim plified diagram o f  this phenomenon. The K series are rays, 
which are emitted by electrons from the upper shells jum ping to the K shell and the 
same for the L and M  series.
Zero
>.o>ts»<0cMJ
■LJLl
Ka Kf i Kr
K-series
Free electron
I I
M-series
N
M
L-series
K
Figure 2: Atomic level diagram [12].
Figure 3 shows K, L and M  shell’s X-ray energies as a function o f  atom ic number Z. 
Elements with atomic number up to 10 generate only K  series energies. Elements 
from Z=10 up to Z=47 generate both K and L series energies. Elements w ith atomic 
numbers 48 and above generate also M  series energies.
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Figure 3: K, 1 and M X-ray energies versus atomic number [13].
Table 1 show s X-ray K -series spectral-line wavelengths for som e com m on target 
materials [14].
T arget K « i (nm ) K «2 (nm ) K Pi (nm ) K p2 (nm )
26Fe 0.193604 0.193998 0.17566 0.17442
28N i 0.165791 0.166175 0.15001 0.14886
29C 11 0.154056 0.154439 0.139222 0.138109
4oZr 0.078593 0.079015 0.070173 0.068993
42M 0 0.070930 0.071359 0.063229 0.062099
Table 1: X-ray K-series spectral-line wavelengths for some common target materials.
Table 2 show s the K series energies for som e com m on target materials [15].
T arget K ou(keV ) K a 2 (keV ) K P i(k eV ) K p2(keV )
26Fe 6.403 6.390 7.057 -
28N i 7.477 7.460 8.264 8.328
2?Cu 8.047 8.027 8.904 8.976
4oZr 15.774 15.690 17.666 17.969
42M 0 17.478 17.373 19.607 19.964
Table 2: X-ray K-series energies for some common target materials.
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Radioactive sources also emit X-rays. Sources w hich  emit only X-rays are very rare. 
Usually they also em it y-rays.
The m ost widespread X-ray sources are Fe-55, Co-57, Cd-109, Am -241 and 1-129. 
These sources emit X-rays o f  definite energy and are therefore capable o f  exciting a 
specific number o f  atoms.
Table 3 show s a list o f  X-ray sources w ith corresponding radiation type and energies. 
A lso  their half-life tim e and the nuclides resulting from the radioactive decay o f  the 
parent isotope (daughter products) are noted.
Isotope Atomic
Number
Half-life
(years)
Radiation Energy (keV) 
Intensity (%)
Progeny
Fe-55 26 2.7 X-ray
Auger electron
5.9 (27.8% ) 
4.95 (60.7% )
C o-57 27 0.7 X-ray
Y
6.48 (57.9) 
14.4 (9.54% ) 
122 (85.6% ) 
136(10.6% ) 
692 (0.02% )
Cd-109 48 1.3 X-rays
Y
22.1 (83.6% )
25.0 (17.7% )
88.0 (3.6%)
A g 109
Am -241 95 432.2 X-ray
Y
a
16.6 (37.7% ) 
59.5 (35.9% )
5.44 (12.8% ) 
5.48 (85.2% )
N p-237
1-129 53 15.7X 106 X-ray
Y
p
4.3 (7%)
29.67 (58.2% ) 
33.7 (12.6% ) 
39.58 (7.51% ) 
41 .2 (100% )
Table 3 : The most common X-ray sources [16],
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In 1908 Hans Geiger developed a device w hich later was named after him  (Geiger 
counter) and could detect alpha particles. Later, in 1928, he improved the device with  
his PhD student Walter M uller so that it w ould be capable o f  detecting X-rays by  
indicating the presence o f  the radiation w ith a needle or lamp and/or audible clicks 
w hile being capable o f  measuring high X-ray energies. This was the beginning o f  a 
new  era which led to the invention o f  gas, sem iconductors and superconducting 
detectors. These different detectors resulted from the needs o f  different applications 
and also the level o f  the X-ray energies to be measured. Numerous types o f  materials 
have also been investigated for the manufacture o f  X-ray detectors and the research is 
still ongoing. This w ill be described in detail later in this thesis.
This project addresses a multitude o f  topics ranging from the investigation o f  current 
theory to device design and fabrication. Our approach has com bined modern  
techniques for analysis, such as m odelling the X-ray detectors using the Silvaco  
TCAD software to predict the optimal pin-diode detector’s configuration and practical 
device processing to produce the X-ray detectors.
Silvaco TCAD software has enabled us to determine the optimal device configuration  
in terms o f  choice o f  material, device dim ensions, number o f  guard-rings, the distance 
betw een the guard-rings and their widths, parameters for processing m ethods such as 
implantation energy and dose, annealing tim e and temperature. The electrical 
performance o f  the pin-diode detector has also been determined from these 
simulations.
This thesis describes the design, developm ent and manufacture o f  a new-generation  
sem iconductor X-ray detector that com bines the latest advances in detector theory.
The objective is to design and manufacture a 5 x 5 mm2 X-ray detector capable o f  
measuring lo w  X-ray energies (<10 keV ). There is also a requirement to reduce the 
leakage current to about 0.5 nAJ cm2 and obtain an efficiency o f  up to 100% without 
using a liquid nitrogen dewar to cool down the system . The elim ination o f  the dewar 
w ill facilitate the manufacture o f  portable detectors.
The theory behind the device configurations and reasons behind the choice o f  material 
(S ilicon) and the detector type (pin-diode) to m eet the requirements are discussed in  
this thesis.
12
T he th esis  has the fo llo w in g  structure:
Chapter 1 introduces the thesis.
Chapter 2 introduces the reader to different X-ray detectors, the latest detector 
technology and also describes the reason behind our choice o f  the material and the 
type o f  the X-ray detector.
Chapter 3 provides an overview  o f  the capabilities o f  the Silvaco software package, 
which has been used to design the X-ray detectors.
Chapter 4 describes the X-ray detector’s design and includes all the simulation results. 
It also describes how  the pin-diode’s configuration changes when placing guard-rings 
in the device.
Chapter 5 describes the processing technology applied to the wafers in order to 
manufacture the pin-diode X-ray detectors. This includes quality control and 
performance evaluation.
Chapter 6 presents all the electrical measurements and analysis o f  the manufactured 
pin-diode X - ray detectors.
Chapter 7 provides the project conclusions, derived by analysing the detectors’ design  
and actual electrical characteristics.
Chapter 8 suggests future work for this project.
References provide a list o f  scientific papers, books, etc. utilised and evaluated as part 
o f  this project.
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2 X-Ray Detector Technology
X-ray detectors are used to measure the energy and som etim es also the direction o f  an 
emitted X-ray depending on the measurements method o f  the signal w hich  is 
generated from the detector. Since this project is to produce an X-ray detector for the 
purpose o f  energy measurement, the thesis focuses on these types o f  detectors.
There are three types o f  X-ray detectors: gas-filled , superconducting tunnel junction  
and sem iconductor detectors. The last tw o types utilise m odem  detector concepts 
while gas-filled detectors are based on relatively old technology. The advantages and 
disadvantages o f  using each type o f  X-ray detector are described in this chapter. X-ray 
detectors are described in greater detail in  [17-19].
This chapter begins with description o f  different materials used in detector technology  
and also show s the reason o f  our choice o f  silicon  (Si).
2 . 1  D e t e c t o r  M a t e r i a l s
Depending on the different requirements from the industry, different materials have 
been used in producing detectors.
Si is the m ost used material for this technique. It has a high charge carrier m obility for 
both, holes and electrons, leading to an excellent charge collection efficiency, 
silicon ’s large band gap (1.12 eV ) assures that the thermally generated leakage current 
at any given temperature w ill be small. Si can be produced with very low  impurity 
concentration. It is also cheaply available in large quantities and its processing is w ell 
developed in the electronic industry.
Ge is another semiconductor material for this purpose. Since Ge can have a thickness 
o f  a few  centimetres is the m ost suitable material for y-ray detectors. Ge detectors 
have a higher energy resolution compared to Si detectors due to germanium’s narrow 
energy band gap (0.66 eV ). H ow ever G e detectors need to be cooled  to reduce their 
thermally generated leakage current.
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GaAs has been used to detect high X-ray energies due to its large energy band gap 
(1.42 eV ). Since GaAs has a large atom ic number, it provides a good absorption  
efficiency. H ow ever the effective absorption thickness o f  the detector is reduced due 
to the dead layer w hich is built on the surface (see chapter 2 .2 .3 .1) for the explanation  
o f  the dead layer). The charge carriers generated in the dead layer zone are not 
collected by the electrodes and are lost for signal detection. In addition, these 
detectors require a cooling system .
Other materials w ith a high atom ic number w hich are used for detectors are CdTe, 
CdZnTe, Hgfy and Pbfy. Because o f  their high atom ic number these materials have a 
large photon absorption and a good energy resolution. H owever the low  hole m obility  
in these materials and the tendency to hole trapping causes insufficient charge 
collection. M oreover it is still difficult to produce these materials in large area m ono­
crystals. These materials are m ainly used to detect y-rays [20-23].
Diamond, which has a low  atom ic number (Z= 6) and is classified as an insulator, is 
also used as a detector material. A t present they are much more expensive and more 
difficult to manufacture.
To choose the detector material, not only the radiation absorption is important but also 
factors such as the electron-hole generation, technology feasibility, econom y, material 
availability and the effect o f  the radiation on the detector should be considered.
Very important aspects o f  the detector material are the penetration depth o f  charged 
particles and the absorption length o f  the photons. A  very small absorption length w ill 
result in a high probability o f  generating the signal close to the surface. In this area 
the signal charge m ay be partially collected because o f  surface damage due to ion  
implantation. A  very large absorption coefficient leads to inefficiencies as radiation 
may traverse the detector without interaction [17].
Figure 4 show s the absorption length o f  different high Z-materials in comparison to 
Si. Si has higher absorption length than the other materials. The high absorption 
length results in m ost o f  the X-ray energy being absorbed.
15
Figure 4: Absorption lengths for various high Z materials in comparison to Si [24].
Since Si has higher absorption length and is also suitable for detecting low  energy X - 
rays (as shown in Figure 4), this material has been chosen for this project. Further 
investigation is needed, how ever to confirm whether the manufacture o f  portable 
detectors is feasible using Si. This leads to an investigation o f  the material's 
properties.
Material with low  earner density is needed to m inim ise the current noise in the X-ray 
detector. Materials w ith this quality have a high resistivity and a long carrier life-tim e.
The long carrier life-tim e makes the device able to collect the charges efficiently. This 
im plies also material where the lattice defects and impurity concentrations have been  
reduced to a very low  level. This is obtained to a certain level by processing the X-ray 
detectors in a very clean environment.
Figure 5 shows the minority carrier life-tim e (hole) in n-type Si. Experimental data 
fo llow s the predicted life-tim e, although there is som e scatter in the experimental 
data. The life-tim e depends very much on the d ev ice’s cleanliness during the
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processing . T he scatter in  the data is a  reflection  o f  this dependence [25].
Figure 5: Experimental and theoretical hole life-time values in n-type Si as a function of electron 
concentration [25],
Material w ith higher carrier density has low  earner m obility due to the collection  
among the carriers. See Figure 6.
Figure 6: Electron mobility in n-type Si at 300 K  as a function of total donor density. Curve 1-4 
are based on theoretical calculation [25].
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The earner m obility is temperature dependent. Factors such as increased thermal 
agitation o f  the Si atoms, replacement o f  Si atoms in the lattice by impurities and the 
existence o f  crystal defects all cause disturbances that can scatter the carriers in the 
lattice. This reduces the mobility.
Figure 7 show s the electron m obility in n-type Si as function o f  temperature for 
various dopant densities [25].
Figure 7: Electron mobility in n-type Si as function of temperature for various dopant densities 
[25].
The higher the carrier life-tim e, the lower the leakage current and the more efficient 
the detector becom es. To ensure that Si is not full o f  defects and impurities, and also 
to obtain a lower leakage current, Si with high carrier life-tim e about 1 m s and a 
resistivity o f  5 kQ-cm  has been chosen for this project. See also the sim ulation carried 
out in Silvaco in chapter 4, w hich shows that the X-ray detector manufactured with  
this material yields low er leakage current than the X-ray detectors manufactured with  
lower earner life-tim e material.
A lso  silicon ’s properties such as high absorption coefficient and high carrier m obility  
make it suitable for this project. The high absorption length results in m ost o f  the X -
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ray energy being absorbed. The high charge carrier m obility for both holes and 
electrons in Si leads to sufficient charge collection efficiency in the X-ray detector, 
silicon’s large band gap (1.12 eV ) insures that the thermally generated leakage current 
at any given temperature w ill be smaller than the other semiconductor materials. This 
also makes Si suitable for X-ray detector production without using a cooling system.
2 . 2  D i f f e r e n t  R a d i a t i o n  D e t e c t o r s
In this chapter different radiation detectors are described. This thesis puts greater 
em phasis on semiconductor detectors’ functionality since this project is to 
manufacture a semiconductor detector (pin-diode).
2 .2 .1  G a s - f i l l e d  D e t e c t o r s
Helium, N eon and Argon are the most com m on gases used in gas-filled detectors. 
Figure 8 shows an illustration o f  a gas filled detector. When a particle or photon hits 
the gas-filled tube, ions are created in the tube. The gas ions m ove to the electrodes o f  
the opposite polarity, thus creating a current pulse.
The resulting current is proportional to the amount o f  charge, which is in turn 
proportional to the amount o f  charge generated by the initial photon interaction.
Ionising Radiation
Figure 8: A simplified circuit o f a gas-filled detector [26].
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In gases, a large amount o f  energy is required for the ionisation. This means that gas- 
filled detectors are best used to detect only higher X-ray energies and y-rays.
G as-filled detectors can only detect the presence and the intensity o f  the radiation. 
They are used in nuclear physics, geophysics (m ining), medicine and in industry.
2 .2 .2  S u p e r c o n d u c t in g  T u n n e l  J u n c t io n  D e t e c t o r s
A  superconducting tunnel junction (STJ) detector consists o f  two superconducting 
regions separated by a thin insulating barrier. W hen a particle or photon hits one o f  
the superconducting electrodes, the energy w ill break the superconducting Cooper 
pairs (a pair o f  electrons with a small attraction between them) into quasi-particles.
W hen a bias voltage is applied to the barrier these quasi-particles w ill tunnel through 
the barrier and create a measurable current, which is proportional to the absorbed 
particle or photon energy. See Figure 9.
Niobium Aluminium Aluminium Niobium 
Oxide
Figure 9: X -ray detection m echanism  in an STJ crystal |27J.
Since the number o f  created quasi-particles in a superconductor is much larger than 
the respective number o f  electron-hole pairs excited in a semiconductor by the same 
photon, the energy resolution is correspondingly much higher in STJ detectors [28, 
29].
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STJ system s are used as detectors for optical, ultraviolet, X-ray, y-ray photons and 
m assive particles.
STJ system s operate at a temperature o f  0.1 K  and for this reason they are connected  
to a cooling system  with liquid He. This means that they are not portable [30]. They  
are relatively expensive and are usually only used by research institutions.
2 .2 .3  S e m ic o n d u c t o r  D e t e c t o r s
Semiconductor detectors have been developed since the 1970s, initially using Si 
doped w ith Lithium Si(Li) or Germanium doped with Lithium Ge(Li).
In recent years, progress in sem iconductors technology has resulted in a number o f  
new  types o f  detectors. The m ost used sem iconductor detectors are Si(Li)-based, Si 
drift detectors (SD D ), charge coupled devices (CCD) and pin-diode detectors.
2 .2 .3 .1 Si(L i) D etectors
To produce the Si(Li) crystal the method is to diffuse Li into a p-type Si substrate. 
Since the n-type surface layer is heavily doped compared to the p-type original 
crystal, the depletion region extends primarily into the p-side o f  the junction. 
Therefore much o f  the surface layer remains outside o f  the depletion region and 
represents a dead layer or w indow  [31]. This dead layer can be a real disadvantage 
because the incident radiation loses a portion o f  its energy through this layer before it 
reaches the depleted region, see Figure 10.
W hen the X-ray photon hits the detector it m ay escape or be absorbed within the 
crystal. The absorbed X-ray ejects electron-hole pairs, X-rays or Auger electrons 
depending on in w hich shell the X-ray energy is absorbed.
To ensure com plete collection  o f  the charge carriers (created by the X-ray) in the 
depleted region, a reverse bias voltage about -500V  must be applied to the crystal. 
The electrons within the depletion region w ill transfer to the positive charged
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electrode (anode) and the holes w ill transfer towards the negative charged electrode 
(cathode).
Figure 10 a) shows the charge transfer towards the electrodes and b) show s the dead 
layer and the process in the Si atom when it is hit by an X-ray photon.
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\
incident E-hv 
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escaped Si-Ka 
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(a) (b)
Figure 10 a) C ross-section  o f  a Si(L i) crystal and b) D etection m echanism  in a Si atom  [321.
The electric charges created in the crystal w ill be amplified by a field effect transistor 
(FET), which is located within the detector, behind the crystal. The FET also converts 
the electric charges to a voltage step. This signal is too small to be measured and 
processed. Therefore another FET preamplifier has to be used to am plify the signal 
before it goes through an analogue or a digital signal processor for further analysis.
In order to reduce the leakage current and get a low  noise level compared to the 
signal, the crystal has to be cooled down to a temperature close to liquid nitrogen 
(LN) at 77K  or -196 °C. This is obtained by putting the crystal and the FET in a 
cryostat and keeping them cold via a copper rod (cold finger) connected to a dewar 
containing LN. Hence detectors based on G e(Li) and Si(Li) are not portable.
Figure 11 a) shows the LN dewar on a SEM detector and b) shows the crystal, FET 
and the cold finger within the cryostat.
Au Contact 
, Dead Layer
inner-shellionization
(3.8eV/pair)
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Figure 11 a) A  schematic of a S E M  detector with a L N  dewar and cryostat. b) Schematic of a cold 
finger, F E T  and crystal |15].
Figure 12 shows a typical spectrum o f  a FE-55 X-ray source detected by a 10 mm2 
Si(Li) detector manufactured by e2V si. The resolution is 128eV and the peak to 
background ratio is 22000:1.
Cold finger
Field Effect Crystal 
Transistor (FET)
Fa-55 Source  
10m mJ Si(Ll) Crystal
RMotuOon 12MV
Zmo (note*) p*ak width 42#V
Figure 12: A  typical spectrum of a FE-55 X-ray source detected by a 10 m m 2 Si(Li) detector [ 15].
2.2.3.2 Silicon Drift Detector
The first working silicon Drift Detector (SD D ) was built at the Max Planck Institute 
in Munich in 1985. The idea was to shorten and m ove the n+ region in a diode to the 
opposite side and place diodes on both sides. See Figure 13 a).
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SD D s are used in applications like electron m icroscopy (SEM -EDX ) and X-ray 
fluorescence analysis (XRF) [33].
Figure 13a) shows the schem atic and functionality o f  a linear SD D  with strips on both 
front and the back sides. In the linear SD D  each electrode on the front and the back is 
reverse biased until the detector gets fully depleted. The anode is segm ented.
When a particle or photon hits the surface o f  the SD D  it creates an electron-hole pair. 
The p-type strips on the front are used to shape the electrical field and create the 
potential gradient needed to drive the electron cloud generated by the photon to the 
collecting anode. The resulting current is proportional to the absorbed particle or 
photon energy. The signal w ill be amplified and analysed later by the read-out 
electronics
Figure 13b) shows a schematic o f  a cylindrical SDD. In the cylindrical design the 
FET is integrated in the anode, which in this case m inim ises the detector’s 
capacitance and reduces the generated noise. The back o f  the SDD is a planar surface 
without structures and is the entrance w indow  for the incident radiation. The n-type 
substrate is fully depleted by applying a negative voltage to the back contact and the 
drift-rings with respect to the anode in the centre o f  the SDD. The generated electrons 
by the incident radiation are then guided towards the anode by the drift-rings. This 
signal is proportional to the energy o f  the incident radiation.
Anodes
1
(a) (b)
Figure 13: a) A  cross-section of a linear S D D  [34]. b) A  schematic of a cylindrical S D D  with an 
integrated central F E T  readout [35].
MRh|
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SD D s are used for detecting lo w  energy X-rays without using any cooling system s, 
providing a better resolution than the Si(Li), G e(Li) and pin-diode detectors but they 
are relatively more expensive.
2 .2 .3 .3  C harge C oupled  D evices
Charge Coupled D evices (CCD) were first invented at B ell Laboratories in the late 
1960s. They have been used for storing and transferring charges (m ost com m only in 
digital video cameras, astronomical telescopes, scanners, bar-code readers and 
robots), in the processing o f  satellite photographs and in the enhancement o f  radar 
images.
More importantly, they have revolutionised digital radiography, m edical and dentistry 
equipment by requiring few er X-rays than conventional radiography and by providing 
an im age within seconds. D ue to these larger sensitivity detectors, they can provide an 
equivalent clinical im age w ith about 70% less exposure to radiation than by using 
conventional film. W ith less radiation exposure, the dose absorbed by the patient is 
significantly lower [36].
The semiconductor substrate o f  a CCD m ay be n or p-type. Figure 14 illustrates the 
working function o f  an n-type CCD. The p+ back contact acts as an entrance w indow  
for the radiation. B y grounding the substrate and applying negative voltages to all the 
electrodes on the surface, the device gets depleted and sensitive to the ionisation  
radiation. A pplying a significantly more negative voltage to one o f  the electrodes on  
the surface w ill cause the depletion region beneath this electrode to extend more 
deeply. This deeper depletion region is called a “potential w ell”. The electrons 
generated by the radiation trap in this potential w ell. These packets o f  electrons can be 
transferred to the next electrode by putting more negative potential to that electrode 
and allow ing the potential on the previous electrode to go back. B y  repeating this 
process along the electrodes, eventually the charge packets shift to the readout 
electrode (anode) [37].
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Figure 14: A  cross-section of an n-type C C D  [38].
p-Silicon
Figure 15 illustrates the structure o f  a p-type CCD. The principle for the p-type CCD  
is the same as the n-type CCD and here also the electrons are collected (minority 
carriers) to be analysed later.
Anatom y o f  a Charge C oupled D evice (CCD)
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Con?ro1 o w ?
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Transfer
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Figure 15: a picture of a p-type C C D  |39].
CCDs, similarly to SD D s, are portable detectors and are relatively expensive 
compared to Si(Li), G e(Li) and pin-diode detectors.
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2 .2 .3 .4  P in -d io d e  D e te c to rs
pin-diode detectors are the cheapest detectors capable o f  measuring lo w  energy X - 
rays without the need for a cooling system .
There are four different methods to produce these detectors:
•  Implantation o f  p+ ions in an n-type substrate
•  Implantation o f  p+ ions in a p-type substrate
•  Implantation o f  n+ ions in an n-type substrate
•  Implantation o f  n+ ions in a p-type substrate
To produce a detector w ith p+ in p and n+ in n junctions, both the front and the back  
side o f  the device need to be processed. Processing one side o f  the wafer is more 
favourable due to the sim plicity and consequently the low  cost o f  the processing. Only 
one side o f  p+ in n and n+ in p detectors need to be processed. For this reason w e  
should focus on these types o f  detectors.
n+ in p jim ctions usually have lower breakdown voltage compared to p+ in n. A lso  
these diodes exhibit higher leakage current usually tw o orders o f  magnitude higher 
than detectors fabricated w ith n-type substrate [40-42].
In contrary, p+ in n junctions exhibit high breakdown voltage. Values exceeding  
1000V have been reached by using guard-rings in the device (see chapter 4.8). p+ in n 
detector can operate partially depleted. Som etim es when the back o f  the detector is 
damaged it is better to prevent the device from full depletion. A s the depletion region  
reaches the damaged area the leakage current increases. N o other detector type has 
this quality to function without being fully-depleted.
For the reasons mentioned above p+ in n detectors have been chosen to be designed  
and manufactured for this project.
Table 4 show s the four com binations o f  detector types with their advantages and 
disadvantages [24].
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Readout electrode p-type substrate n-type substrate
4-
P Double sided process, 
R elatively expensive, 
Can’t operate partially 
depleted.
Single sided process, 
R elatively cheaper, Higher 
breakdown voltage, Can 
operate partially depleted.
+n Single sided process, 
lower breakdown voltage, 
N ot yet seriously  
developed. M ay be 
relatively cheaper.
D ouble sided process, 
R elatively expensive, Can’t 
operate partially depleted.
Table 4: Possible combinations of substrate and electrodes type.
In a pin-diode the intrinsic region covers a large region in the device. This increases 
the photo sensitive region and consequently enhances the conversion efficiency. This 
quality also makes the pin-diode detector suitable to be used as radiation detectors. 
The large intrinsic region forms a low  capacitance in the device, which contributes to 
a high resolution in the pin-diode detector.
pin-diode detectors were originally developed for use in satellite instrumentations. 
They were com m ercialised 1993 and today they are used for bench top and handheld  
system s, also for micro X-ray fluorescence and coating thickness measurements 
because they don’t need to have a cooling system  w ith dewars. pin-diode detectors are 
used for m edical purposes, especially in radiology. They are also used in digital signal 
processing and as data storage devices.
The majority o f  pin-diode detectors are used in the areas o f  X-ray fluorescence (XRF) 
and Energy D ispersive X-ray (ED X ) spectroscopy [43, 44].
Figure 16 illustrates the pin-diode detector’s functionality.
W hen a reverse bias voltage is applied to the pin-diode, the depletion region expands 
from the p+ anode towards the n+ cathode. The device can be fully-depleted by 
increasing the bias voltage.
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W hen a particle or photon hits the entrance w indow  (anode) and penetrate through to 
the depletion region, it generates electron-hole pairs. The holes travel towards the 
opposite polarity electrode (anode) and the electrons m ove towards the cathode. The 
signal generated from the electrons w ill be am plified and analysed later by the read­
out electronics. This signal is proportional to the energy o f  the incident radiation.
Figure 16: pin-diode detector’s functionality.
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3  R e v i e w  o f  S i l v a c o  S o f t w a r e  S u i t e
Sim ulation tools can be utilised to design devices w ith optimal electrical 
configuration potentially avoiding several iterations o f  expensive and tim e-consum ing  
device manufacture to attain the desired configuration. The perfect simulation tool 
would be a package that provides ready-made detectors where the user could change 
certain parameters to achieve the desirable electrical performance. Unfortunately such  
a simulation package does not currently exist. H owever, the Silvaco package provides 
tools to design semiconductor devices. It is also capable to optim ise all device  
parameters in order to achieve the optimal electrical configuration. It simulates the 
electrical characteristic o f  the X-ray detector and can be used to design the layouts for 
the masks, w hich are used for the processing o f  the X-ray detectors. For these reason, 
the Silvaco software was used to design the X-ray detector required for this project.
A s w ith any other simulation package the Silvaco software has disadvantages which  
were discovered w hile designing the detectors. The first disadvantage is that the 
package does not take into account changes in the carrier life-tim e o f  the device  
throughout the processing. This is the consequence o f  the factors which affect the 
carrier life-tim e such as the contamination level in the laboratory, variety o f  
equipment used, that are unique to each laboratory. A lso the package is not able to 
show  any difference between the electrical performance o f  the pin-diode detectors 
with or without floating guard-rings (unless the guard-rings were biased), w hich led  
us to manufacture a variety o f  pin-diode detectors to determine the real performance. 
The other disadvantage is that the simulation is m esh based. I f  the m esh is not w ell 
constructed the simulation runs incorrectly or exhibits convergence issues.
The Silvaco package, in com m on w ith other simulation programs does not show  the 
X-ray response o f  the X-ray detectors. This is a com plex behaviour to exhibit. It does, 
however, show  the I-V characteristic o f  the X-ray detector and i f  w e aim for the 
low est leakage current this means that the detector has also the highest X-ray 
resolution.
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The use o f  the simulation package replaces costly wafer experiments to deliver shorter 
developm ent cycles and higher yields. The packages and the tools, which have been  
used for this project (Virtual Wafer Fab, Athena, Atlas and Expert), are described  
below  [45-48].
3 . 1  V i r t u a l  W a f e r  F a b r i c a t i o n  t o o l s
The Virtual Wafer Fabrication (VW F) package provides an integrated software 
environment to automate and emulate physical wafer manufacturing. The tool 
facilitates the input, execution, run-time optimisation, and results processing o f  
simulations in a single flow  managed through a com m on database. For device 
processing, it enabled us to specify and achieve optimal process recipes.
Figure 17 shows the m odules and architecture o f  VW F, including the interfaces 
between the tools in terms o f  inputs and outputs. VW F tools, Athena and Atlas were 
used for this project as shown in the figure. Each tool is described in this chapter.
Athena 
Simulates implantation, 
ion diffusion, 
photolithography, 
oxidation, deposition
Atlas
Simulates electrical 
characteristics and 
thermal behaviour
Simul ation 
par ametei s
Simulati on 
p a r  a m  e t e r  s
S' >Optimizer \  Simulation results / TonyPlot
Calculates optimal device 
par ani«t«rs V j
Displays lm ages and 
graphs y
Optimum
parameters Deckbuild Request simulation logs
Mesh and 
structure details
Dev Edit
Device structure and 
mesh editor
Graphical interface for 
coding simulation 
algorithms 
Invoke other Sllvaco tools 
Run-time progress reports 7
Layout Information
Mask View
Device layour editor
Virtual Wafer Fabrication (VWF) Tools
Figure 17: Virtual W afer Fabrication structure and modules.
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3 . 1 . 1  D e c k B u i l d  R u n - t i m e  E n v i r o n m e n t
Deckbuild is an interactive graphical environment that allowed us to progress from  
process to device simulation by transferring output from Athena into Atlas. Deckbuild  
was also used for invoking and connecting other VW F tools as shown in Figure 17.
Deckbuild provides a graphical interface for programmers to write simulation code 
and invoke the other Silvaco tools to process the code. M oreover D eckbuild offers 
m ultiple w indow s to show  the run-time o f  the simulation, errors in the program and 
simulation results in text format.
3 .1 .2  D e v E d i t  S t r u c t u r e  a n d  M e s h  E d i t o r
W e have used D evEdit to edit, convert, m erge, optim ise, and save structures and 
m eshes betw een the process and device sim ulation stages. The m esh, geometry, 
electrode positions and the doping o f  the structure were also specified in DevEdit.
A  feature o f  DevEdit, D evEdit3D , w as used for converting structures from 2D  to 3D  
by extending region and the m esh into the third plane.
3 .1 .3  M a s k V ie w  L a y o u t  E d i t o r
M askV iew  is an editor for device layouts that can eventually be passed to Athena for 
process simulation. M askV iew  provides functionality for drawing and editing the 
layout, storing and loading com plete layouts, and importing/exporting layout 
information using the industry-standard G DS2 and CIF layout formats.
G DS2 files were used for this project. N ote that M askV iew  does not currently provide 
a function to create new  G DS2 files, so the Silvaco component Expert (see chapter 
3.4) was used to create the initial GDS2-form at layout files that were subsequently 
edited v ia  M askView.
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M askV iew  is also used to provide information, v ia  G DS2 files, on h ow  Athena should  
construct its grid, specifies region and electrodes names for use w ith Deckbuild when  
passing the simulated region on for device simulation.
Layout experimentation such as m isalignm ent, polygon oversizing/undersizing, and 
global rescaling are functions available in M askV iew  that w e used on this project.
3 .1 .4  O p t im iz e r
The Optimizer is used to tune the parameters in  Deckbuild to allow  the achievem ent 
o f  user defined targets. Targets were specified  as measured parameters, such as 
extracted thin junction depth, the low est leakage current and the highest breakdown 
voltage. The parameters in the X-ray detectors that required optimisation included  
process variables (implantation dose and energy, etc.) and device structure attributes 
such as the number o f  guard-rings, their widths and the distance betw een them.
The optimizer calculates response values versus a set o f  input parameters in order to 
determine which input parameter results in a response value closest to a user-defined  
target. The optimizer works iteratively through a sequence o f  input parameters 
defined in terms o f  numerical start and last values, and the increment size between  
iterations. W hen all iterations are com plete, the optimal input value and calculated 
response value are returned by the optimizer.
3 .1 .5  T o n y P lo t  1 D /2 D /3 D  I n t e r a c t iv e  V is u a l i z a t io n  U t i l i t y
Tonyplot is a graphical analysis tool used to display the output o f  Silvaco simulations. 
This facilitated the analysis o f  process and device design. Tonyplot is a key tool in the 
Silvaco suite and was used frequently to verify the relative merits o f  design decisions. 
TonyPlot supports ID  x-y  data, 2D  plotting o f  contour data and import o f  measured 
data. There is also 3D TonyPlot, which produces 3D  plots for Atlas and DevEdit3D. 
W e have used ID , 2D  and 3D Tonyplot for this project. It also enabled us to carry out 
graphical rotation around any axis (x, y, z), im m ediately repositioning the device
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structure. The Cut-plane feature allow ed us to create 2D  cuts to be defined around any 
axis w ithin the structure and exported to a file  to be analysed later in Atlas.
3.2 Athena Process Simulation Framework
Athena enables developm ent and optimisation o f  the X-ray detector manufacturing 
process by providing simulation o f  the ion implantation, ion diffusion during the 
annealing, photolithography, oxidation, deposition o f  the A l contacts and etching o f  
the oxide and the A l contacts.
Athena also provides the simulation o f  all critical fabrication steps used in CM OS, 
bipolar, SiG e/SiG eC, SiC, SOI, III-V, optoelectronic, and power device technologies.
Athena processing determined the physical structures o f  the devices. These structures 
were used as input into Atlas, w hich then calculated the electrical characteristics 
associated with pre-defmed bias conditions. The combination o f  Athena and Atlas 
made it possible to determine the impact o f  process parameters on device  
characteristics.
Figure 18 shows Athena’s inputs and outputs, within the context o f  this project.
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Figure 18: Athena’s inputs and outputs.
3 . 3  A t l a s  D e v i c e  S i m u l a t i o n  F r a m e w o r k
Atlas is the main device simulation tool used in this project and is responsible for 
calculating the electrical characteristics and the thermal behaviour o f  the X-ray 
detectors.
Atlas is a physical properties-based device simulator and has been used in conjunction  
with Athena and the VW F tools Deckbuild, TonyPlot, DevEdit, M askViews, and 
Optimizer.
Atlas produces three types o f  output.
1) Run-time output -  displays the progress o f  running simulations, including 
error and warning m essages.
2) Log files - stored all terminal voltages and currents resulting from device 
analysis.
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3) Solution files - stored data relating to the values o f  solution variables within  
the device for a single bias point.
The output from Athena was used as input into Atlas so as to be able to simulate the 
electrical characteristics o f  the device.
Figure 19 shows the input and outputs for Atlas, within the context o f  this project.
Figure 19: Atlas inputs and outputs.
3 . 4  E x p e r t  L a y o u t  E d i t o r  F r a m e w o r k
Expert is a high performance hierarchical layout editor with editing features and 
layout view ing. This Silvaco tool was used for the creation o f  the layouts for the 
masks required for this project. The layouts for different X-ray detectors were created 
on 8 different masks. The masks were then used in the photolithography step o f  the 
wafer processing (see chapter 4.9).
The output files were saved as GDSII files, w hich is an industrial standard format.
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3.5 Setting up the Simulator
To design a device via the Atlas or Athena command language, first the m esh has to 
be defined. The m esh or grid covers the physical simulation domain.
It is defined by a series o f  horizontal and vertical lines and the spacing betw een them. 
R egions within this m esh are allocated to different materials as required to construct 
the device. For exam ple, the specification o f  the X-ray detector requires the 
specification o f  Si and SiCfe regions. After the regions are defined, the locations o f  the 
electrodes are specified. The final step is to specify the doping in each region. The 
m esh grids have to be tighter in the regions w ith higher rate o f  changing in carrier 
density. Figure 20 show s the m esh structure for the X-ray detector. The m esh is 
tighter for the high doping concentration on the surface and the back o f  the device, 
also for the guard-rings around the anode. Guard-rings are needed to reduce the 
leakage current and increase the breakdown voltage in the device. This w ill be 
described later in chapter 4.
W hen a reverse bias is applied to the pin-diode, the depletion region not only extends 
into the diode but also on to the surface. Since the density o f  the crystal defects and 
the impurities are larger at the edge o f  the device, the leakage current increases 
suddenly when the depletion approaches this region. For this reason, phosphorous 
(P+) is implanted at the edge o f  the device to prevent the depletion region from  
developing further. This region has been named the n+ layer. See Figure 20.
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Figure 20: The mesh structure for the device.
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4 X-ray Detector Design
This chapter describes the design o f  an X-ray detector that m eets the follow ing  
specification:
S ize o f  the device must satisfy com mercial requirements
D evice must be capable o f  measuring low  X-ray energies (<10 keV )
Leakage current must be as low  as 0.5 nA / cm2
- The breakdown voltage must be as high as possible
- There must be no need for a liquid nitrogen dewar to cool down the system.
To design the X-ray detectors, the Silvaco package and tools described in chapter 3
above have been used. A ll the graphs and figures show n in chapter 4  were generated 
using TonyPlot (see chapter 3.1.5).
In this chapter all the parameters that control the leakage current, the breakdown 
voltage and consequently the effect on X-ray performance, have been investigated. 
The choice o f  the material has also been investigated using the Silvaco suite.
4 . 1  D e v i c e  S i z e
The market-established active-area size for pin-diode X-ray detectors is 10mm2. 
Therefore, in order to com pete in the market, the device to be m odelled should also 
have a 10mm2 active-area .A lso, a very large active-area would give too much  
capacitance in the measurement circuit as w ell as the potential for more leakage 
current, so small areas are preferred and a 10mm2 device is a good com promise. A s 
for the overall size o f  the device, 5x5m m 2 is sufficient to accommodate the structures.
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4.2 Choice of Material
In chapter 2.1 the reasons behind the choice o f  Si for this project were given. Si with 
high carrier life-tim e o f  about 1 ms and a resistivity o f  5 kQ-cm has been chosen for 
this project. Figure 21 show s the Atlas simulation result for the I-V characteristic for 
various carrier life-tim es. The higher the carrier life-tim e, the lower the leakage 
current becom es.
ATLAS
l-V characteristic for different carrier lifetime
Cathode voltage (V)
Figure 21: The l-V characteristic for various carrier life-time.
4 . 3  C h o i c e  o f  P a r a m e t e r s
During ion implantation, a beam o f  ions enter crystalline or amorphous material. The 
dopant atoms slow  down and scatter due to nuclear collisions and electronic 
interaction. A long the path, an individual ion may create fast recoil atoms that can 
initiate collision  cascades o f  m oving target atoms. The ion implantation results in 
local com positional changes, damage creation and finally amorphization o f  the target.
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Depending on the crystal orientation, the direction o f  the beam, the ions energy and 
dose, the implanted ions have a different distribution.
There are several programs which are used to characterise the implantation profile. 
The Stopping and Range o f  Ions in Matter (SRIM ) is a program which calculates the 
stopping and range o f  ions into matter using a quantum mechanical treatment o f  ion- 
atom collisions. The calculation is made very efficient by the use o f  statistical 
algorithms. A  full description o f  the calculation is found in [49].
Srim does not support two-dim ensional profiles or implantation through more than 
one layer. Athena, on the other hand, has the advantage o f  providing two-dim ensional 
ion implantation profiles and implantation through multiple layers.
SUSPRE is another program based on energy deposition in the surface and is written 
and developed by Prof. Roger W ebb at U niversity o f  Surrey. A t the tim e o f  the ion  
implantation stage o f  this project, SUSPRE did not support implantation through 
m ultiple layers; for this reason, Athena w as used to design and m odel the detectors for 
this project.
4 .3 .1  I o n  I m p la n t a t io n  in  A t h e n a
Figure 22 show s the implantation geom etry used in Athena in order to simulate the 
implantation profile. It show s the orientation o f  the ion beam, relative to the 
crystallographic orientation o f  the substrate. There are three major planes regarding 
ion implantation in materials, mainly:
•  the implantation plane a
•  the surface plane E
•  and the simulation plane j3
The implantation plane is where the initial beam o f  incom ing ions hits. It equivocally  
defines the direction o f  the incom ing beam, tilt and rotation. If the orientation o f  the 
surface plane is < 100>, the offset o f  the rotation angle is the direction < 101> on this
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plane. This means that the tilt angle 6 will be the polar angle in laying this plane, 
while the rotation angle </>, is the azimuth of the line where the implantation plane 
crosses the surface plane and the direction <101>. The simulation (projection) plane is 
where all data regarding the simulation is projected on, which is what finally goes into 
Athena’s structure. See Figure 22.
surface 
plane {1
major Hat
simulation plane
\f y  (or projection, i.e.TONYPLOT’s plane)
Figure 22: The im plantation geom etry in A thena [46].
4.3.1.1 Gaussian Implant Model
There are several ways to construct 1D ion implantation profiles. The simplest way is 
to use the Gaussian distribution, which is specified by Athena as following:
C (x U - * exp~(*~*^
{ >  2 A R 2
where (f> is the ion dose/cm2 and R is the projected range [46] .
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4.3.1.2 P earso n  Im p la n t M odel
Generally, the Gaussian distribution is inadequate because real ion implantation 
profiles are asymmetrical in most cases. The simplest and most widely approved 
method for calculation of asymmetrical ion implantation profiles is the Pearson 
distribution, particularly the Pearson IV function [46]. Athena uses this function to 
obtain longitudinal implantation profiles. To find out about the differential equation 
and the resulting distribution curves, refer to [46]. The complete classification of 
various Pearson curves is found in [50].
In the standard Pearson model, the longitudinal dopant concentration is proportional 
to the ion dose [46]:
C(x) = <ff(x)
where (j) is the ion dose/cm2, /(x) is the function for Pearson IV distribution [46].
This single Pearson approach (method) has been proved to give an adequate solution 
for many ion, substrate, energy, dose combinations but there are many cases when the 
channeling effects make the single Pearson method inadequate. The dual Pearson 
model, described below, solves this problem.
4.3.1.3 Dual Pearson Model
To extend applicability of the analytical approach toward profiles heavily affected by 
channeling, [51] suggests the dual (or double) Pearson Method. An improved 
modeling approach is described for simulating as-implanted boron impurity profiles 
for B+ and BF2+ implants into single-crystal silicon. This method uses the sum of two 
Pearson distribution functions to account for the non-channeling and channeling 
components of the implant distribution. The ratio of the two Pearson functions varies 
with dose, which accounts for the change in the degree of channeling with dose. This 
modeling approach has been compared with experimentally measured SIMS profiles 
for a wide range of energies and doses for shallow B+ and BF2+ implants. The 
excellent agreement indicates that this method offers a large improvement in
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simulation capability for B+ and BF2+ implants. In addition, this method is applicable 
to accurately model other impurities which have channel intendancies. With this 
method, the implant concentration is calculated as a linear combination of two 
Pearson functions [46]:
C (x) = <f>ifi(x) + </>2f 2(x)
The first Pearson function represents the random scattering part (around the peak of 
the profile) and the second function represents the channeling tail region.
4.3.1.4 Monte Carlo Model
The analytical models described in the previous section give very good results when 
applied to ion implantation into simple planar structures (bare silicon or silicon 
covered with thin layer of other materials). But for structures containing many layers 
(material regions) and for the cases which have not been studied yet experimentally, 
more sophisticated simulation models are required. The most flexible and universal 
approach to simulate ion implantation in non standard conditions is the Monte Carlo 
technique.
In order to calculate the distribution of the ions, die Monte Carlo model simulates 
atomic collisions in the targets using the Binary Collision Approximation (BCA). The 
algorithm follows out the sequence of energetic ions launched from an external beam 
into a target. The targets may have many material regions, each with its own crystal 
structure (crystalline or amorphous). The slowing-down of the ions is followed until 
they either leave the target or their energy falls below some predefined cut-off energy.
The Monte Cai’lo method is rapidly gaining acceptance as a means for the simulation 
of ion implantation due to its capability of simulating channeling and damage 
accumulation phenomena in multi-dimensional structures. A well-known 
disadvantage of the Monte Carlo approach is its considerable demand for computer 
resources to obtain results with satisfying statistical accuracy.
The traditional Monte Carlo approach for crystalline targets is based on the 
calculation of a large number of ion trajectories, i.e., each trajectory is usually
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followed from the ion starting point at the surface of the target up to the stopping 
point of the ion. Since the majority of ion trajectories ends at the most probable 
penetration depth inside the structure, the statistical representation of this target region 
is good.
The trajectory split method ensures a much better statistical representation in regions 
with a dopant concentration several orders of magnitudes smaller than the maximum. 
As a result, the time required to perform a simulation with comparable statistical 
accuracy is drastically reduced and is applicable for two- and three-dimensional 
simulations [52] [53].
Figure 23 shows the boron (B+) profile using different models in Athena. The energy 
used for the implantation is 2 keV with a dose of 3 x 1013 cm'2, tilt=7° and 
rotation=22° for all the three models. The Monte-Carlo and the Dual-Pearson models 
have almost the same profile.
ATHENA
Boron concentration vs depth using different models
Depth (microns)
Figure 23: Boron profile using d ifferent m odels in A thena. T he im plantation energy is 2 keV and  
the dose is 3 x 1 0 13 cm ' 2 for all the three m odels.
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4 .3 .2  C h o i c e  o f  I o n  D o s e  a n d  E n e r g y
To reduce the leakage current for the device and also reduce the dead layer of the X- 
ray window, the junction of the active-area (anode region) should be shallow [54, 55]. 
To achieve this, the implantation energy should be as low as possible and the dose 
should be low.
Figure 24 shows the leakage current throughout the device for different implantation 
energies for the boron (B+) in the active-area.
As the implantation energy increases, the leakage current also increases. By choosing 
2 keV for the B+ implantation energy rather than the two other higher energies, the 
leakage current has reduced by one order of magnitude and the breakdown voltage 
increased to 300 V. The dose for B+ used in this simulation is 3 x 101' cm'2, tilt=7° 
and rotation=22°. Si resistivity= 5 kQ-cm, annealed at 950 °C for 5 s.
ATLAS
l-V characteristic for different energies used for the active-area
Figure 24: I-V characteristic for d ifferent im plantation energies for B+ in the active-area. B+ dose  
is 3X 10 13 cm  2, Si resistivity=  5 kH -cm , annealed  at 950 °C for 5 s.
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Figure 25 shows the B+ concentration in the active-area for different ion doses and 
the implantation energy of 2 keV. The higher the dose, the more the ions penetrate 
through the wafer and the thicker the junction becomes. If the junction depth is 
thicker, the dead layer also gets thicker, which will reduce the X-ray detectors 
efficiency.
For this reason, we chose to apply a dose of 3 x 10 cm' for the active-area. Too low 
dose would reduce the B+ concentration on the surface and the leakage current would 
consequently increase.
ATHENA
Boron profile for the active-area for different doses
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Figure 25: B+ concentration  vs. depth for d ifferent B+ doses. Si resistivity^  5 k fl-cm , B+ 
im plantation energy=2 keV.
Figure 26 shows how the junction depth and the peak concentration changes by using 
different energies for the B+ implantation in the active-area with the same dose of 
3 x 1013 cm'2, tilt=7° and rotation=22°.
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For this project, the active-area was implanted with 2 keV B+, 3 x 10'' cm'2, tilt=7° 
and rotation=22°. The selection of 2 keV, 3 x 1013 cm'2 ion implantation results in an 
ion distribution with the average depth of 0.085 micron and a peak concentration of 
2xl019 cm'3.
ATHENA
Boron profile for the active-area for different energies
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Figure 26: B+ concentration vs. depth for d ifferent B+ im plantation energies. B+ dose is 3 X 1 0 13 
cm '2, Si resistivity=  5 k il-cm .
There are methods to reduce the junction depth. For example, amorphisation, 
oxidation of the surface before the B+ implantation or BF2+ implantation. In the pre- 
amorphisation, the ion channeling which results in an extended tail is suppressed and 
secondly the incorporation of the dopants within the lattice is much higher in the 
amorphised layer than in the crystalline Si, resulting in a shallow junction [56]. Many 
groups have published contradicting reports regarding whether or not Transient 
Enhanced Diffusion (TED) still occurs if pre-amorphysation is used. Some groups 
reported enhances [57] but other suggested that TED was completely retarted [56]. It
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is well known that the implantation conditions, dose, energy, pre-amorphisation, 
annealing conditions affect the EOR and hence the level of enhanced diffusion.
In this project, amorphisation of the surface has not been considered due to the 
crystal damage it introduces. Moreover, the surface constitutes the X-ray window and 
it should be free of defects and damage to provide good radiation absorption, hence 
amorphisation would not have been appropriate.
In this project BFf was used to implant the active-area on some of the detectors in 
order to compare the electrical performance of these detectors with the performance 
of the detectors implanted with B+.
Figure 27 shows the boron profile for BFf and B+ implantations used for this project. 
The Dual-Pearson model in Athena is used for characterisation of the profile. The B+
dose is 3 x 1013 cm'2 and the BFf dose is 5 x 1012 cm'2 but both with an energy of 2 
keV, tilt=7° and rotation=22°. The reason behind the choice of the energy and the dose
for the BFJ was to achieve a shallower junction while maintaining the same peak 
concentration as for the B+ implantation.
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Boron Dose=3e13/cm2 Energy=2 keV 
BF2 Dose=5e12/cm2 Energy-2  keV
ATHENA
Boron concentration v s depth for Boron and BF2 implantation
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Figure 27: Boron profile for B+ and BF2+ im plantations for the active-area o f  the detectors using  
D ual-Pearson m odel. Si resistiv ity=  5 kflt-cm.
Athena provides the implantation profiles through multiple layers. In this project, two 
layers were utilised: oxide on Si.
To apply any of the described analytical distribution functions for structures that are 
comprised from several different material layers, a scaling method must be used in 
Athena. This is because the ions’ stopping powers and range parameters are different 
in different materials.
In all the implantation models described above, the range parameters in each layer are 
considered independent of the presence of other layers. This, however, does not 
correctly model ion implantation behaviour: the distribution of ions stopped in the 
deeper layers depends on the thickness and the stopping characteristics of the upper 
layers. The scaling methods used in Athena take this layer position dependency effect 
into account.
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Another important issue is to correctly identify the mesh in the upper layer, which in 
our case is the oxide layer.
To reduce the junction depth in the active-area for this project, B+ and BFf were 
implanted through 10 nm of an oxide layer.
The simulation in Figure 28 shows B+ implantation through 10 nm thick oxide layer.
The B+ dose is 3 x IO1'’ cm'2 with an energy of 2 keV and the EFi dose is 5 x 101: cm'2 
with an energy of 2 keV, both with a tilt=7° and rotation=22°.
In comparison to Figure 27 the oxide layer reduces the range from about 82 nm to 72 
nm for the B+ implanted wafer and from 35 nm to 9.5 nm for the BFf implanted 
wafer. The oxide layer also reduces the B+ concentration in the interface between the 
oxide and Si.
The peak concentration has reduced by three orders of magnitude in the interface for
the EFi implanted wafer. This implantation through the oxide layer has been applied 
on some of the wafers processed for this project and the results have been analysed 
and compared with the wafers implanted directly without an oxide layer. See chapter 
6 for the electrical measurements results.
Active B profile for the active-area 
implanted with 2 keV B 3e13 through 10 nm oxide
_ = H
Active B profile for the active-area
iV BF2 5*12 through 10 nm oride
(a) (b)
Figure 28 a) B+ im plantation through lOnm oxide and Si. b) BF2+ im plantation through 10 nm 
oxide and Si. Si resistivity=  5 kH -cm .
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4 .3 .3  C h o ic e  o f  A n n e a l in g  S c h e d u le
The Si substrate undergoes a series of cascade and recoils during the implantation 
creating vacancy/interstitial defects. During the annealing the generated Si interstitials 
and vacancies recombine leaving a net excess of interstitials equal to the number of 
implanted ions [57]. The resulting of Si interstitials evolve into extended defects [58]. 
The Si interstitials are the underlying cause for the diffusion of boron during the 
annealing [59].
Annealing is required to repair the lattice damage after implantation and to electrically 
activate the dopant atoms. The success of the annealing process is not only measured 
in terms of the fraction of the dopants that are electrically active or to repair the 
damage in the crystal, which any long high temperature anneal will achieve, but also 
minimising the diffusion of the dopant and hence retain a shallow junction.
This is achievable with RTA (Rapid Thermal Annealing), where annealing times are 
in the order of seconds or even nanoseconds. Reference [60] has demonstrated that 
RTA is the most suitable industrial approach for the formation of shallow electrically 
active junctions.
Laser annealing has been used for a long time but due to integration issues hasn’t 
been implemented as an industrial process, for this reason it hasn’t been used for this 
project.
Figure 29 shows the activated B+ concentration after two different annealing 
schedules. Some of the wafers processed for this project were annealed at 850 °C for 
10 seconds and the others were annealed for 950 °C for 5 seconds. The energy used 
for this ion implantation in the active-area is 2 keV with a dose of 3 x 1013 cm"2, tilt=7° 
and rotation=22°. Figure 29 also shows that all thqB+ is electrically activated after the 
two annealing schedules. The differences between the electrical performances of the 
detectors annealed with these two different schedules are analysed in chapter 6.
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ATHENA
B profile for the active-area implanted with BF2
Figure 29: a) C arrier profile for the atom ic B+ as im planted and b) BF2+ as im planted and the 
electrically  active B+ after different furnace annealing.
The guard-rings needed another annealing schedule due to the different ion dose and 
energy in these regions.
Figure 30 shows the carrier profile for 1 x IO15 cm'2, 100 keV, tilt=7° and rotation=22° 
atomic B+ as implanted in the guard-rings and the electrically active B+ after 
annealing for 2 minutes at 1050 °C.
Atomic B as implanted 
Annealed at 10SOC for 2 min
ATHENA 
B profile for the guard-rings
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Figure 30: C arrier profile for the 100 keV, lx lO 15 cm ' 2 atom ic B+ as im planted and the  
electrically  active B+ after RTA annealing for 2m in at 1050 °C in the guard-rings.
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4 . 4  C r e a t i n g  T w o - D i m e n s i o n a l  I m p l a n t  P r o f i l e s  i n  A t h e n a
Athena calculates 2D implant profiles using a convolution method described as 
follows.
The implantation front (perpendicular to the direction, see Figure 22) is divided into a 
number of slices Ns usually > 100. The implant concentration in each grid point i, 
with coordinates (xi, yf) is calculated by the summation of contributions from each 
slice k [46]:
C (x„yi) = £ C t(* „ y ,)
l£k<SNs
The contribution from each slice Q  is calculated by integration of the point source 2D 
frequency function F2D(x,y) (with the starting point at the intersection of the normal n 
to the central of the slice with the structure surface) over slice width:
a/2
c k (x t , y , )  = & f/2D K , t t )dt
-a/2
where di is the depth along implant direction (i.e., distance between the starting point 
and the projection of the point i on the vector ri) and ti is the transversal distance (i.e., 
distance between the point i and the vector ri).
The simplest type of the 2D frequency function is a product of longitudinal function 
fl(x), which can be a Gaussian, Pearson, Dual-Pearson and depth-independent 
transversal function ft(y) [61].
/ 2d(x>T) = //(*)/, O')
This approximation is used in Athena by default.
Figure 31 shows the 2D implantation profile for the guard-rings. The guard-rings 
were implanted with B+ 100 lceV with a dose of 1 x 1015cm'2, tilt=7° and rotation=22°.
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ATHENA
2D boron implantation profile for the  guard -rings
Figure 31: 2D  boron im plantation profile for the guard-rings. The im plantation energy is 100 
keV , the dose is 1 x 1 0 15 cm'2, tilt=7° and the rotation=22°.
4.5 T he I-V  C h arac te ris tic
T here are th ree sources for the leakage current. The bulk, the surface and the diffusion 
all contribu te to the leakage current. T he bulk contribu tion  com es from  therm ally  
generated  charge carriers for exam ple due to generation  centres such as displaced 
atom s and im purities. The surface leakage curren t com es from  the d isrup tion  o f  the Si 
lattice structure. T he lattice d isruptions in troduce energy levels in the band  gap and 
attract im purities. The d iffusion  curren t com es from  the p+ n and the n+ n junction . 
T his current is m uch sm aller than  the bulk and the surface currents. The leakage 
current is dom inated by the surface leakage curren t for devices w ithout biased guard- 
rings. See chapter 6 for m ore details.
The bulk leakage curren t is dem onstrated  by the form ula below . The form ula show s 
current d en sity ’s re la tionsh ip  to the depletion  w id th  [24].
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Jvo, = the volume generation current per unit area 
C1 = the elementary charge 
n, = intrinsic carrier density
Tg = the earner generation life-time 
W = depletion width 
= Permittivity in vaccum 
£si — Si permittivity
= donor impurity density 
K = applied voltage
In absence of radiation, if a reverse bias is applied to the pin-diode detector, the 
current increases smoothly with the increase of voltage. As the voltage increases 
further, breakdown occurs which destroys the device, so the detector has to be 
operated at voltages below breakdown voltage.
Once the detector is produced the improvement of the noise is limited since we can't 
modify the capacitance or the transconductance of the input JFET. Therefore to 
achieve a high resolution the most effective solution is to reduce the leakage current. 
The I-V characteristic of the detector is important for the testing of the device as this 
determines the leakage current and the breakdown voltage. The performance of the 
pin-diode will depend on its leakage current. Low leakage current diodes will need 
less cooling to give good low noise.
Figure 32 shows the leakage current throughout the device. The leakage current is 
about 80 nA and the breakdown voltage is 140 V. The implantation energy for the 
active-area has been chosen at 2 keV with a dose of 3 x 1013 cm'2.
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Figure 32: The I-V characteristic.
Figure 33 show s the curren t density  d istribu tion  throughout the device. T he highest 
curren t density  is at the edge o f  the anode around the active-area. The voltage applied 
on the anode is -300 V.
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Width (microns)
Figure 33: Current density distribution throughout the device.
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Figure 34 show s how  the leakage curren t increases in a different therm al 
environm ent. A s the tem perature increases by 100 K, the leakage curren t increases. 
T his is the reason behind  using  a cooling  system  for X -ray detectors.
ATLAS
Cathode Current vs Cathode Voltage for Different Temperature
Figure 34: I-V  characteristic for various tem peratures.
4 . 6  T h e  D e p l e t i o n  V o l t a g e
W hen n-type and p-type sem iconductor m ateria ls are p laced together to form  a 
junction , electrons d iffuse into the p-side and holes into the n-side leaving behind a 
positive ion on the n-side, and likew ise the hole leaves a negative ion on the p-side. 
The resu lt is a reg ion  w ith  no m obile carriers called  the depletion region.
C hapter 2 .2 .3 .4  described  how  the p in-d iode can operate partia lly  depleted . In order to 
ensure optim al efficiency for the detector, it is better to operate the p in -d iode fully 
depleted. For this reason, the depletion  voltage needed to fully deplete the detector 
m ust be know n.
The total depletion  w idth  is the sum  W  = Wn +  Wp .
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jW =depletion width in the p-region
Wn =depletion width in the p-region
A full derivation for the depletion width is presented in reference [17]. This derivation
is based on solving the Poisson equation in one dimension. Treating each region 
separately and substituting the charge density for each region into the Poisson 
equation eventually leads to a result for the depletion width as following [17].
vdeP= the potential needed to extend the depletion zone over the whole thickness of 
the wafer.
W  = depletion width 
vbi ~ built-in potential 
Fn = electron mobility 
4 = the elementary charge 
6 ~ semiconductor permittivity
£o = Permittivity in vacuum 
Nd = donor impurity density 
Na = acceptor impurity density 
n, = intrinsic carrier density
1
TFnP
, with the Si resistivity= 5 kO-cm chosen for this project
1
=  8 .3 x lO n cm -31.6 xl0“19 x 1500x5000
= 0.0259 In2 x l 0 19 x 8 .3 x ! 0 u -  n 6 6 V
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To fully  deplete the device w ith  the w afer th ickness o f  1+ = 450 pm  for th is project,
qNDW2
V = v ,; -  •
2 £8,
= -1 2 8 F
T hus, a 128 V reverse bias vo ltage is needed  to fully  deplete the device.
F igure 35 show s the depletion  edge in the detector w hen a reverse b ias o f  128 V is 
applied  on it. The red line th roughout the detecto r indicates the edge o f  the depletion 
reg ion  and it show s that all the device th ickness is depleted.
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Figure 35: T he depletion edges (throughout the device) m arked with a red line.
4.7 T he P o ten tia l an d  the  E lec trica l F ield
To investigate w here in  the device the b reakdow n occurs, w e need to  look at the 
poten tial and the electrical field  d iagram s for the device.
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Figure 36 a) shows a potential diagram at equilibrium for a junction formed by p-type, 
intrinsic and n-type material. The Fermi potential is constant everywhere and is 
represented by 0 [62].
The free hole (p) and electron (n) concentration in the equilibrium condition are:
Where
V is the potential of an electron at mid-gap position. 
nl is the intrinsic carrier concentration.
Figure 36 b) shows a potential diagram of a p-i-n material in the non-equilibrium 
condition with positive voltage Va applied to the n-layer. y/p is the potential deep
inside the p-type material, y/s is the potential at the surface and Qs is a net positive 
charge at the surface [62].
The free hole (p) and electron (n) concentration in the non-equilibrium condition are:
Where
0;, is the quasi-Fermi level for the holes and is the quasi-Fermi level for the 
electrons.
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a) b)
F igure 36: Potential d iagram s for a p-i-n junction  a) at equilibrium  and b) at non-equilibrium  
condition [62].
U nder reverse bias due to the very light doping  in the n type bulk, the depletion  w idth  
ex tends prim arily  into the n reg ion  and hence the m ajority  o f  the po ten tial-drop  exists 
across the bulk  substrate.
Figure 37 show s the voltage d istribu tion  th roughout the device w hen a b ias voltage o f  
300 V is applied  to the cathode (n-type layer). T he h ighest voltage is located  around 
the edge o f  the anode.
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Figure 37: A cross-section of the device showing the potential distribution.
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Figure 38 show s the electrical field  th rough the p in-d iode detector. The electrical field 
betw een the charged carriers are the h ighest in the in tersection  reg ion  betw een  the B + 
doped anode and the phosphorous (P+ ) doped substrate (anode’s edges). U sually  the 
breakdow n occurs in this reg ion  for th is reason. T his is the reason behind  the p lacing 
the guard-rings in th is region: to ease the electrical field in the edge and consequently  
increase the breakdow n voltage. A  300 V bias vo ltage has been applied  to the cathode 
for this sim ulation.
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Figure 38: A cross-section o f  the device show ing the electrical field.
4 . 8  G u a r d - r i n g s  d e s i g n
The sim ulations described  in the prev ious sections show ed that the p in -d iode detector 
breaks dow n early  and the leakage curren t is not as low  as we expect. For th is reasons, 
som e guard-rings have been placed around the anode (see F igure 45 for th e ir location 
in the detectors).
T he breakdow n occurs at the edge o f  the p + anode because the electrical field  is the 
h ighest in th is area. See F igure 38.
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The guard-rings relax the electrical field at the edge of the anode and prevent the 
breakdown from occurring early. When placing the guard-rings, the electric field 
actually divides between them.
The guard-rings have been implanted with a dose of 1 x 1015 cnf2, 100 lceV B+, 
tilt=7° and rotation=22°. See Figure 30 for the carrier profile.
4.8.1 Modified I-V Characteristic
Figure 39 shows the I-V characteristic for the pin-detector with different numbers of 
guard-rings. With the placing of guard-rings in the pin-diode detector, the leakage 
current reduces from 80 nA to 5 nA and the breakdown voltage is significantly higher. 
The more guard-rings in the structure, the higher the breakdown voltage becomes.
The breakdown voltage is about 700 V, 850 V and 1300 V for pin-diode detectors 
with one, two and three guard-rings respectively.
The breakdown voltage is sensitive to the distance between the innermost guard-ring 
and the anode, the distance between the guard-rings, and also their widths. See 
chapter 4.9 for the structures.
Two, or in some detectors three, guard-rings have been placed around the anode.
Their widths and distances have been optimised using Silvaco’s VWF to get the 
highest breakdown voltage and the lowest leakage current.
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ATLAS
Cathode Current vs Cathode Voltage for different number of guard-rings
Figure 39: I-V characteristic for the device w ithout and w ith different num bers o f  guard-rings.
Figure 40 show s the current density  d istribu tion  throughout the device w ith  3 guard- 
rings w hen  breakdow n occurs. There is som e curren t generated from  the guard-rings. 
T his is show n w ith  in a red colour, ind icating  the highest current density  in  the 
structure.
ATLAS
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Figure 40: Current density distribution throughout the device with 3 guard-rings.
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4 .8 .2  M o d if ie d  D e p le t io n  V o l ta g e
Figure 41 show s the depletion  edge o f  the device. T he guard-rings have pushed  the 
depletion  edge further from  the anode and have m ade a b igger area depleted  
com pared to the device w ithout guard-rings. C om pare w ith Figure 35.
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Figure 41: The depletion edges for the device w ith 3 guard-rings.
4.8.3 Modified Voltage and the Electric Field
T he purpose o f  the guard-rings is to  d istribu te the potential drop from  the centre to the 
edge o f  the device w hen a reverse vo ltage is applied. F igure 42 show s the cross- 
section o f  the detector w ith  3 guard-rings. It show s the potential d istribu tion  across 
the device. The guard-rings have pushed  the potential aw ay from  the anode. C om pare 
w ith  Figure 37.
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Figure 42: The potential d istribution in the device w ith 3 guard-rings.
Figure 43 show s the electrical field  betw een  the anode and the innerm ost guard-ring 
and also betw een the guard-rings. The electrical field  is the h ighest in these areas. 
F igure 43 b) show s a m agnified  p icture o f  the area around the anode to have a better 
idea o f  the electrical fie ld ’s d istribu tion  in th is region.
0 1000 2000 3000 4000 sooo x a m o a a i u N M i M a Q OWidth (microns) «M(ms)
(a) (b)
F igure 43: a) The electrical field throughout the device with 3 guard-rings, b) A m agnified  
picture o f  the region around the guard-rings.
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4 . 9  P i n - d i o d e  D e t e c t o r  S t r u c t u r e s
W e designed a total o f  n ine d ifferen t p in-d iode detectors for th is pro ject using Atlas. 
T he structural d ifferences lay in the num ber o f  guard-rings, choice o f  floating or 
contacted  guard-rings, ox id ised  o r A l contacted  active-area, and also the presence o f  
phosphorous doped edge called n+ layer. F igure 44 has been taken  from  the m ask 
designed using S ilvaco E xpert and show s the chip used during the processing  runs. 
There are nine p in-d iode detector designs and som e other devices for process 
evaluation  purposes on the chip  on the top  right com er.
Figure 44: The chip with nine different pin-diode detectors and som e m easuring devices
A cross-section  d iagram  for each o f  the detectors is show n in Figure 45: the grey 
co lour indicates the oxide layer and the g re en 1 co lour is the m etal contact. The active- 
area is im planted  w ith  B F f  or B + depending  on the processing run and w afer (see 
chapter 6). The guard-rings are im planted  w ith  B +. The n+ layer and the back o f  the 
devices are im planted  w ith  pL
F our p in-diodes (devices 1 -4  inclusive) have 3 guard-rings each and the o ther five 
have 2 guard-rings. The guard-rings are floating  in devices 1 and 7, w hile in the o ther 
devices they are covered by m etal contacts. N otice that only one pin-d iode (device 4) 
does not have an n+ layer around the edge o f  the device. Tw o devices 5 and 6 have an
1 Reading note: darker shade if document is read in black and white
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oxide layer on the active-area and the o ther devices have th is reg ion  covered  w ith 
A lSi 1%.
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1) D evice 1, w ith 3 floating guard-rings, 2 ) D evice 2, w ith 3 contacted guard-
n+ layer, deep im plantation under the rings, n+ layer, shallow  im plantation
an od e’s contact and m etalised active- under the an od e’s contact and
area. m etalised active-area.
(H H T O
» t
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3) D evice 3, w ith 3 contacted guard- 
rings, n+ layer, deep im plantation  
under the an od e’s contact and  
m etalised active-area.
4) D evice 4, w ith 3 contacted  guard- 
rings, no n+ layer, deep im plantation  
under the an od e’s contact and 
m etalised active-area.
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5) D evice 5, w ith 2 contacted guard- 
rings, n+ layer, shallow  im plantation  
under the an od e’s contact and  
oxidised active-area.
6 ) D evice 6 , w ith 2 contacted  guard- 
rings, n+ layer, deep im plantation  
under the an od e’s contact and 
oxidised active-area.
9 m
v v
7) D evice 7, w ith 2 floating guard-rings, 
n+ layer, deep im plantation under the  
an od e’s contact and m etalised active- 
area.
8 ) D evice 8 , w ith 2 contacted  guard- 
rings, n+ layer, shallow  im plantation  
under the anode’s contact and  
m etalised active-area.
c i#w WH
9) D evice 9, w ith 2 contacted guard- 
rings, n+ layer, deep im plantation  
under the an od e’s contact and 
m etalised active-area.
Figure 45: Schem atics o f  device 1 to device 9 on the chip.
Figure 46 show s the 3-d im ensional structure o f  D evice 2 as an exam ple. T he active- 
area, the 3 guard-rings and the n+ layer are all covered  by m etal contacts in this 
design.
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. . .  9 9
The p in-diode is 5x5 m m - w ith  an  ac tive-area o f  10 m m “.
ATLAS 
3 Dimensional Pin-Diode
F igure 46: 3-D im ensional p in-diode detector.
Figure 47 show s one o f  the S ilvaco E xpert layouts for the devices for p rocess 
evaluation  show n in the top-righ t co m er o f  the chip  (Figure 44).
T here are tw o sm all p in-d iodes in the bottom  to investigate the effect o f  size on the 
p in -d iode’s electrical perform ance. T hese p in-d iodes have an ac tive-area o f  1 m m 2 
each. O ne has tw o guard-rings and the o ther one has 3 guard-rings. O n the top there is 
one C ross-B ridge K elvin R esistor (C B K R ) device to m easure the contact resistance 
(are explained in details in chapter 5.6), one device to m easure the sheet resistance 
and one device to m easure the carrier life-tim e. T here are also 4 d iodes in d ifferent 
sizes.
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For m easuring  the p or m easuring  the For m easuring the
carrier life-tim e contact resistance sheet resistance
Tw o sm all P in-diode detectors
Figure 47: M etal layout in Expert for the test structures.
A s illustrated  in F igure 48, the chip  is repeated on  the glass m ask - th is g ives an idea 
about the num ber o f  p in-d iode detectors produced  on a four inch w afer, w hich  w as 
used for this project.
Figure 48: Illustration of pin-diode detectors on a four-inch wafer.
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5 Device M anufacture
Nine different pin-diode detectors have been processed at the University of Surrey’s 
cleanroom and their electrical performance have also been analysed at the university’s 
laboratories.
The processing techniques described in this chapter all have been applied on the 
wafers processed for this project in order to manufacture the pin-diode detectors. 
Where appropriate, the experimental results have been included in the subsections.
5 . 1  O x i d a t i o n
One of the first steps in the Si wafer processing is the oxidation of the wafer. When Si 
is exposed to an oxidizing ambient the oxygen or water vapour, builds a layer of oxide 
on the surface of the Si. This process is known as oxidation.
There are different methods to oxidise the Si wafer, namely by deposition and thermal 
oxidation. The thermally grown oxide has been used in tills project.
5.1.1 Thermal Oxide Growth
There are two processing methods to grow the oxide layer thermally, namely dry or 
wet oxidation. If the oxidation ambient contains 02 the process is called dry oxidation 
and if water vapour is also present in the oxidation system the process is called wet 
oxidation. For wet oxidation the oxygen is passed through a water container heated to 
95 °C. This oxygen is then used together with the water vapour.
The chemical reaction for dry and wet oxidation is as following:
Dry oxidation: Si + 0 2 -> Si02
Wet oxidation: Si + H 20  -> Si02 + 2H 2
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The oxidation reaction occurs at the Si/SiCfe interface. Therefore as the oxide layer 
grows, Si is consumed and the interface moves into the Si substrate. The amount of 
the consumed Si is about 44% of the final oxide thickness and it depends on relative 
densities and molecular weights of Si and SiCfe The SKfe layer shields the incoming 
oxygen molecules from reaching the Si surface and the oxidation eventually stops. At 
room temperature the thickness of the native oxide layer is 1-2 nm [63].
The growth rate of the oxide depends on various factors such as the temperature, 
pressure, amount of oxidant in the system, type of oxidant, Si crystallographic 
orientation, dopant type and dopant concentration in the Si, the presence of a chlorine 
gas in the ambient and the partial pressure of water present during the oxidation [63- 
65].
To grow a specific thickness of oxide, it is more time consuming to use dry oxidation 
than the wet oxidation method [64].
Si atoms at the interface are partially bonded to Si atoms below the interface and 
bonded to the oxygen atom above the interface. The oxidation growth rate is derived 
from the concentration of Si-Si bonds available for reaction with oxygen. The bond 
availability depends on its angle relative to the surface plane. These and other 
geometric effects result in the oxidation rate to be orientation dependent.
The oxidation rate is highest for (111) Si followed by (110) Si and (100) Si for both 
dry and wet oxidation [66, 67].
Dopant types and their densities in the Si substrate also affect the oxidation rate. The 
commonly used group III (B) and group V (P, As) dopants in Si enhance the 
oxidation rate when present in high concentration on the Si surface. In the case of B 
the dopant segregates into the oxide and remains there during the oxidation. This 
weakens the bond structure in the oxide and provides a path for the oxidant to diffuse 
further in the oxide and reach the interface, thus enhancing the oxidation rate. Other 
group III dopants like Ga, In and Al also pile up in the oxide but rapidly diffuse away 
from it and do not enhance the oxidation growth [68].
The mechanism is the opposite for p+ doped Si. When the p+ doped Si is oxidised the 
Phosphorus segregates into the Si and very little is incorporated into the oxide. The
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high concentration of Phosphorous at the surface shifts the Fermi level, which in turn 
increases vacancies in the Si surface. The excess vacancy concentration increases the 
chemical reaction of the oxidant with the Si, therefore the oxidation rate increases 
[69-71].
The presence of water vapour during dry oxidation is another factor, which affects the 
oxidation growth rate. There are several sources for the water molecules: 1) absorbed 
water on the wafer. 2) residual water in the oxygen source gas. 3) residual hydrogen 
or hydrocarbons which react with oxygen to form water. 4) the diffusion of water 
vapour into the furnace from the surrounding area [65].
In practice it is extremely difficult to exclude all traces of water during dry oxidation. 
However the residual hydrogen and hydrocarbons in the Oxygen can be removed by 
passing the oxygen through a combustion of these materials to form water and then 
remove the water from the system. To minimise the water contribution from the 
surrounding area to the furnace, a double-wall furnace tube can be used with a gas 
filled gap. Reference [67] concludes for each Si orientation and at each experimental 
temperature the overall rate of oxidation is increased with the addition of as little as 
25 ppm of water added to very dry oxidation.
SiC>2 has many uses in semiconductor devices. SiC>2 is used as a screen oxide to mask 
the areas on the Si surface, which will not be implanted. The required oxide thickness 
for masking the wafer can be determined by using a simulation program such as 
Athena and it depends on the implantation energy of the ions and the dose. The oxide 
is also used to create a shallow junction in the Si substrate.
In this project the S1O2 is used as a layer with no electrical function and is used to 
pattern the surface for alignment marks in photolithography. It is also used as a 
passivation layer to protect the Si surface from the environment [72].
In the first step for this project the wafers were oxidized at 1000 °C for 2 hours to 
have a layer of 500 mn oxide on the wafers. This oxide layer has been used as a 
passivation layer and also by etching patterns on it, creating alignment marks on the 
surface for the photolithography purpose. Later a layer of 10 mn oxide was grown on 
the Si as a passivation layer and also to create a shallow B+ junction on the surface, 
see chapter 4.
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5 .1 .2  O x id a t io n  S y s te m
There are several thermal processing equipment for various applications in the 
semiconductor industry. A horizontal furnace is used for the oxidation of the wafers 
for this project. The wafers in the horizontal furnace sit on the edge of the boat.
During the loading or unloading of the wafers it is better to run a flow of Nitrogen 
gas. This will help to prevent the wafers from suddenly heating up or cooling down, 
which can cause stress in the oxide layer.
When the wafer cools down from the oxidation temperature to the room temperature, 
the Si contracts more than the oxide and this builds in stress in the oxide. This stress 
originates from the difference between the thermal coefficients of expansion of the 
two materials (Si and the oxide). Another source of stress comes during the growth of 
the oxide as a result of the way the oxide is grown and it occurs in the Si/ Si02 
interface. Reference [67] calculates the stress and shows that for temperatures up to 
950 °C the oxide is in a state of compressive stress and the stress disappears for the 
temperature of 975 °C.
5.1.3 Rapid Thermal Processor Systems
Rapid Thermal Processor (RTP) is a key fabrication technology for semiconductor 
devices and are used for oxidation purposes and annealing process [73].
RTP is a single wafer, fast ramp thermal processing that is capable of heating up the 
wafer from the room temperature to 1100 °C in a matter of seconds.
Accurate temperature measurement is considerably more challenging in an RTP 
system than in a traditional furnace since it is the temperature of the wafer, not the 
furnace, which must be measured and controlled. The wafer itself is the most 
important and unpredictable variable in an RTP system, as its properties vary 
depending on the doping concentration and surface layers. The heating cycles for 
lightly and heavily doped wafers are different because their optical properties are
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different. L ightly  doped w afers absorb  very  little o f  the heat, and so heat up very 
slow ly. H eavily  doped w afers absorb  the heat efficiently , and heat up m uch  faster 
[74].
A n itrogen  am bient perm its heat transfer by conduction  and reduces the influence o f  
the w afer's optical p roperties on the therm al cycles. The heating rates are therefore 
considerab ly  h igher in n itrogen  than  in vacuum .
In the RTP furnace the w afer is loaded into the system  by being p laced  on a plate and 
there are pins, w hich separate the w afer from  touching  the plate. The w afer is heated 
by halogen  lam ps located on top o f  the w afer. See the im age in F igure 49. The lam ps 
are arranged  in a honeycom b structure to give the closest packing  o f  rad ian t energy. A 
therm ocouple is used for tem peratu re control and m easurem ent, by p lacing  it in direct 
contact w ith  the back o f  the w afer.
Figure 49: Sim plified schem atic o f  a rapid therm al processor used for this project [75].
The m easured  tem perature is com pared  w ith  the recipe tem perature (desired  
tem perature) in the controller. T hen  th rough a com plex  algorithm  th is w ill change the 
pow er o f  each lam p to adjust the heat [76, 77].
RTP system s are sm aller and sym m etrically  designed  than the trad itional furnaces. 
T his allow s them  to benefit from  a uniform  gas distribution. A lso in the RTP system s 
the w afers can be loaded and unloaded th rough a vacuum  loadlock.
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The latest technology in the field of thennal furnaces are fast ramp and small bench 
furnaces, which are competing with the Rapid Thermal Processors (RTP) systems 
[78-81].
5.1.4 M easurement M ethods of Oxide Thickness
There are several techniques available to measure the thickness of the oxide: optical 
interference, capacitance measurements, physical thickness measurements and 
ellipsometry.
The optical measurement’s method is based on the interference that occurs between 
light reflected from the air/oxide and the Si/oxide interface. To perform the 
measurement a spectrophotometer is used, which supplies light from the ultra violet to 
the visible range. The intensity of the reflected light from the sample is measured as a 
function of wavelength. The measurements are then fitted to calculate the film 
thickness. A number of points are easily and rapidly measured across the wafer 
(thickness map), which shows the variation of the thickness across the wafer. This 
system is capable of measuring the thickness of multiple layers and from a thickness 
less than 10 nm to more than 1000 nm.
The capacitance measurement can be used to theoretically measure the thickness of 
the oxide according to the formula below. This requires the fabrication of a MOS 
capacitor.
is the oxide capacitance in a F/cm2 
A is the area of the gate electrode in cm2 
£ox is the dielectric constant of the oxide 
£a is the permittivity of free space
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Cax has to be measured in the accumulation mode (negative voltage on the gate for P- 
type and positive voltage for n-type) to ensure that the Si capacitance doesn’t 
contribute to the measurement. Wafer map is possible by measuring several points 
across the wafer.
The most accurate measurement of the film thickness is obtained by preparing a cross 
section of the film on the substrate and to take a high resolution transmission electron 
microscope picture. Since the Si lattice can be seen in the picture, this can be used as 
the distance for the interface. In addition the roughness of the interface can also be 
seen. Since sample preparation is time consuming and expensive this method is not 
favourable and it is not possible to determine the uniformity of the oxide layer using 
this method.
The ellipsometry technique is the most common used method to measure the 
thickness of an oxide. It is based on change of polarisation of the light when it hits the 
Si/ SKfe interface. The polarisation change depends on the optical constants (the 
refraction index and the extinction coefficient) of Si, the angle on incidence of the 
light and the optical constants of the film and the film’s thickness. Complex algorithm 
is used to calculate the thickness of the film in ellipsometry. The mean thickness 
value along with maximum and minimum film thickness on the wafer is displayed on 
the ellipsometer. The standard deviation in percentage of mean is also shown. It is 
also possible to measure thin thicknesses as the native oxide from 1 nm and to map 
the whole wafer [82-85].
The ellipsometer for this project was used to measure different thicknesses of oxide 
grown on the wafers, the metal layer deposited on the wafers and also the thicknesses 
of multi-layer films such as photoresist on SKfe on Si.
5.1.5 Experimental Results for the Oxidation
Wet and dry oxidation techniques have been used for this project. The oxidation 
technique chosen for this project depended upon the thicknesses of the oxide required. 
A horizontal furnace has been used for the wet and dry oxidations.
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P rior to  any oxidation, it is im portan t to analyse the fu rnace’s tem perature profile.
T his w ill help to accurately  reach  the desired  tem perature in the furnace and w here to 
p lace the w afers in the furnace.
In the case investigated  below  the aim  w as to oxid ize w afers processed  for th is project 
at a tem perature o f  1000 °C.
Figure 50 show s the tem peratu re profile for the furnace in a w et ox idation  
environm ent for d ifferen t gas flow s under sim ilar settings on the tem perature 
regulators on the furnace. It show s that the tem peratu re is constan tly  at 1000 °C, 23 
inches to 25 inches from  the opening o f  the e lephant w hen the gas flow  is 50 L/h.
The Temperature Profile for the Furnace for Different Gas Flow
Distancefromthe opening or the elephant (inches)
Figure 50: T he tem perature profile for the furnace for d ifferent gas flows.
In order to expand  the area w here the tem perature is constant, the tem perature 
regulators w ere tuned. T here are three tem peratu re regulators on the furnace, one in 
the back, one in the m iddle and one in  the fron t o f  the furnace. For the experim ent 
below , the regulator in the front o f  the furnace w as constantly  set at 500 °C , the 
m iddle regulator w as set constan tly  at 513 °C and the regulator on the back w as tuned 
to tem peratures betw een  600 and 700 °C as show n in F igure 51. T hese com binations 
o f  settings w arm ed up the furnace tem peratu re from  1000 to 1050 °C. T he oxidation 
m ethod  w as w et process and the gas flow  w as 50 L/h.
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W hen the back regulator w as set at 675 °C, the tem perature in the furnace w as 
constan tly  1000 °C from  10 to 32 inches from  the opening o f  the elephant, m eaning 
that any w afers p laced  in th is region are w arm ed up  to 1000 °C; m oreover, over a 
long distance o f  22 inches the furnace tem perature is constant. T his setting  w as used 
to  oxidise the w afers for the first tim e in order to g row  500 nm  o f  ox ide on the w afers.
Front R egulator= 5G 0, B ack  R egu lato r= 600  
Front R eg u la to r= 500 . B ack  R egu lato r= 650  
Front R eg u la to r= 500 . B ack  R e g u la to r 675 
Front R egulator=5CC . B ack  R egu lato r= 700
15 20 25 30 35 40
Distance from the opening of the elephant (inches)
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980
970
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930
The Temperature Profile for the Fumacefor Different Furnace Settings
Figure 51: T he tem perature profile for the furnace for different furnace settings.
V arious th icknesses o f  ox ide layers w ere g row n on  test Si w afers to experim ent for 
th is pro ject in order to  find the right recipe for the actual Si w afers.
A  th ick  layer o f  oxide 510 nm  w as g row n on the actual w afers p rocessed  for this 
project. The purpose o f  th is th ick  layer o f  oxide w as to pattern  the alignm ent m arks on 
the w afers in the photo lithography step and to use it as a passivation  layer. A  thin 
layer o f  ox ide about 10 nm  w as also g row n on the w afers to screen the ac tive-area on 
the X -ray detectors to be able to  create a th in  ju n c tio n  during the B + im plantation. It 
also w as used as a passivation  layer to cover and protect the active-area on the 
detectors w ithout a m etal layer on these regions. See the structure in chap ter 4.
Table 5 show s the oxide th ickness m easurem ents using the ellipsom eter for different 
tem peratures, duration  tim es and ox idation  types.
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al and a3 in Table 5 indicate the first and the third standard deviation in the normal 
or Gaussian distribution respectively.
To achieve a thickness of 500 nm of oxide it is suitable to carry out wet oxidation 
because this is a thick layer and it requires a long time. At 1000 °C it will take 2 hours 
to grow this thickness. To grow thinner oxide layers, dry oxidation method was used 
as shown in Table 5.
Mean
Thick
(nm)
al
(nm)
o3
(nm)
Min
Thick
(nm)
Max
Thick
(nm)
Gas
flow
(L/h)
Duration
time
(min)
Furnace
Temp.
(°C)
Type of 
oxidation
510 9 27 488 523 50 120 1000 Wet
491 11 34 472 511 25 120 1000 Wet
361 8 23 350 372 25 60 1000 Wet
275 5 10 263 289 25 45 1000 Wet
40 2 10 36 45 25 120 905 Dry
20 0.8 2 19 24 25 15 960 Dry
17 0.8 2 16 20 25 45 905 Dry
10 0.3 1 10 11 25 30 905 Dry
T able 5: V arious th icknesses o f  oxide layers using w et/dry oxidation for d ifferent tem perates and  
duration tim es.
Figure 52 shows the result of the 510 nm oxide layer mentioned in Table 5 measured 
by using the ellipsometer. It shows how uniform the oxide layer is on the Si substrate.
-Legend -----------------------------------
520 42 - 52393  
516 91 - 520.42 
513 40 - 51691 
50990-513.40  
506.39 - 509 90 
502 88 - 506.39 
499.37 - 502 88 
495 86 - 499.37 
492.35 - 495 86 
488 84 - 492 35
Figure 52: An oxide layer uniform ity on the Si substrate m easured w ith the ellipsom eter.
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5 . 2  S o u r c e s  o f  C o n t a m i n a t i o n  i n  W a f e r  P r o c e s s i n g
The effects of contamination on semiconductor devices are complex and depend on 
the nature and the quantity of the specific type of contaminant but one aspect they 
have in common is that they degrade the electrical performance of the device.
Particles can block an implant or disrupt a pattern during photolithography. Particles 
can also be deposited on a wafer’s surface before the deposition of a layer over it.
If the particle is interfering with the contact regions, a short or an open circuit in the 
manufactured detector can occur. A single particle has the potential to make the 
detector to not function correctly.
Metallic contaminations such as Cu and Fe diffuse inside the Si bulk especially during 
thermal processing. These metals introduce energy levels near the middle of the Si 
energy band gap. This leads to reduced minority carrier life-time, increased junction 
leakage current and reduced breakdown voltage. Sources of metal contaminations in 
wafer processing include ion implanters and dry stripping and etching equipment.
Figure 53 shows the solid solubility of impurity elements in Si in the temperatures 
between 500-1400 °C.
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Figure 53: Solid solubility o f  im purity elem ents in Si (63].
C ontam ination  can be partic les generated  from  cleanroom  personnel and processing 
equipm ent, dust and even bacteria  g row n in the D eionised  w ater (D I) supply  system .
R esidues from  solvents can contain  m etallic  and ionic contam inations. P hotoresist 
used in the processing  o f  the w afer can  also dam age the w afer by being contam inated; 
also during the developing  o f  the film , som e dry photoresist can stick to  the wafer.
O rganic film  residue can carbonise and i f  it is presen t on the w afer and being  heated, 
the residue w ill form  SiC on the surface o f  the wafer.
P rocessing equipm ent can  in troduce partic les in the system  through pum ping, venting, 
gas flow  and valve operation. I f  an  o il-sealed  vacuum  pum p is used in  any processing 
equipm ent, oil partic les can be carried  in the air o r the gas and contam inate  the w afer.
The containers for the processing  chem icals and the cassettes for ho ld ing  the w afers 
are a m ajor source o f  partic les.
H um an beings are im m ense generators o f  partic les. Particles orig inate from  hair, skin 
flakes, cosm etics (especially  pow ders and hair spray). H um ans create num erous w ater 
droplets and partic les into the air w ith  every  exhalation.
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5 . 3  W a f e r  H a n d l i n g
Clean wafers are critical for fabrication of detectors with high yields and long term 
functionality. Cleaning of the wafers is essential during the processing of the wafer to 
eliminate any existing particle from the surface. The cleaning process is crucial before 
the thermal processing of the wafer. This will minimise the particle diffusion in the 
wafer during the annealing and also enable us to grow a high quality oxide layer 
during the oxidation.
The cleaning procedure has to be done without damaging the wafer and with minimal 
production of hazardous chemical wastes.
5.3.1 Cleaning Process for the Wafers
The first step toward the reduction of the contamination in the cleanroom is to 
minimise human contamination introduced to the cleanroom. For this reason, users 
have to wear special uniforms, boots, hoods, gloves and face masks. The fabrics of the 
garments are special woven fibre covered with PTFE (Polytetrafluoroethylene). Such 
fabric is particle tight but still allows air to go through. Special care is taken with 
these garments during the laundering and storing.
Gases used in the cleanroom are highly pure. They can also be filtered before the use 
to remove some unwanted particles. For this project DI water, chemicals and solvents 
in high purity grade where used.
There are various wafer cleaning procedures depending on the type of contaminations. 
The main categories are dry or wet cleaning procedures. Liquid chemical cleaning 
processes are generally referred to as wet cleaning. The other cleaning methods, 
which operate without using liquid chemicals, are classified as dry cleaning.
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5.3.1.1 W et C lean ing  P ro ced u res
Wet cleaning remains dominant over dry cleaning because of overall higher cleaning 
strength. The disadvantages of using wet cleaning over dry cleaning are that it is 
usually more costly, wafer drying difficulties and chemical waste disposal.
The disadvantages of using the dry etching are that they cause surface roughness. This 
is because most of the gas-phase chemistries cannot selectively interact with the 
surface metallic contaminants without reacting with the Si substrate at the same time.
Dry cleaning processes do not replace the wet cleaning [86, 87], but can be used in 
processes where wet cleans are impractical or inadequate or to complement the wet 
cleaning as it was used for this project
5.3.1.1.1 RCA Cleaning
In 1965 the first wafer cleaning procedure was developed by Wemer Kern while 
working for RCA (Radio Corporation of America). The cleaning process was applied 
on both bare and oxidised Si wafers. Since then this cleaning process has been widely 
used and it is still carrying the same name (RCA cleaning).
The first step in the RCA cleaning process is called Standard Clean-1 (SC-1). In this 
step all organic contamination, some metals (i.e., Au, Ag, Cu, Ni, Cd and Cr) and 
particles are removed from the wafer’s surface. RCA SC-1 is performed with 
solutions of H20/ H20 2/NH40H (5:1:1 volume) at 70 °C. This cleaning treatment 
results in the formation of a thin layer of oxide (10 A) on the Si surface. To remove 
this, Hydrofluoric acid (HF) is used [65].
Concentrated HF (typically 49% water) etches Si02, but the etching is too quick 
using this chemical. For more controllable etching process, Buffered HF is used.
Buffered HF contains 6 volumes of ammonium fluoride (NH4F ) 40% in water, and 1 
volume of HF. Buffered HF is used to etch thin films of oxide or Si nitride (SisN4). 
The etch rate of thermal oxides at room temperature in buffered HF is about 1000
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A/min but varies with temperature, etch solution and also the oxide density. The 
difference in the density is caused by the oxidation temperature, pressure and also wet 
or dry oxidation effect (see chapter 5.1 for oxidation).
SiC>2 is attacked by hydrofluoric acid (HF) and produces Hexafluorosilicic acid and 
water.
S i0 2 + 6H F  ->  H 2SiF6 + 2 H 20
The second step in the RCA cleaning is called Standard Clean-2 (SC-2). In this step 
all inorganic ions, alkali ions and heavy metals (Li, Al, Ti, Zn, Cr, Fe, Ag, Pd, Au, S, 
Cu, Ni, Co, Pd, Mg, Nb, Te, W, Na) are removed from the surface of the wafer. RCA 
SC-2 solution is performed with a 1:1:6 solution of HC1 + H2O2 + H2O at 75 or 80 °C.
5.3.1.1.2 Piranha Cleaning
This solution has earned the name of Piranha cleaning because it attacks organic 
materials aggressively. The Piranha solution is made of 3 volumes of hydrogen 
peroxide (30% H2O2) added to 7 volumes of Sulphuric acid (98%H2SC>4). If 
photoresist is present on the wafers, it is removed by immersion in this solution at 
100-130 °C for about 10 min. Upon removal, the wafers are rinsed in DI water.
Challenges for currently used cleaning techniques include the need for continued 
performance improvement in submicron particle removal, environmental impact from 
the considerable chemical consumption and chemical waste, drying difficulties, and 
impact on production cost.
In this project, RCA cleaning and Piranha cleaning were used to clean the wafers 
during the processing. Buffered HF and concentrated HF were also used to remove 
thin and thick oxide layers.
5.3.1.1.3 Photoresist Removal
One of the important aspects in wafer cleaning is the removal of the photoresitst.
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Photoresist is made of organic solvents, polymers and photoactive compounds. The 
vast majority of the elements are Carbon (C), Oxygen (O) and Nitrogen (N)
The main objective in resist stripping is to ensure that all the photoresit is removed 
without attacking any underlying surface materials. Piranha solution at 120 °C can be 
used to remove the resists from non-metalized wafers. H2O2 in the Piranha solution is 
an oxidant and in the Sulphuric acid will help the acid to break down the photoresist. 
The H2O2 will oxidize the carbon from the bath and build CO2 or CO. H2O2 also 
reacts with the water in the bath resulting in a high temperature.
Photoresist that has not been exposed to high energy processes such as ion 
implantation is relatively easy to strip. Simple solvents are generally sufficient to 
remove this photoresist.
Acetone, Trichloroethylene (TCE), phenol-based shippers are used to remove positive 
photoresists. Methylethylketone (MEK) (CH3COC2H5) and Methylisobutylketone 
(MIBK) (CH3COC4H9) are used on negative photoresists [88].
For this project, cleaning was carried out using the solvents Acetone, Methanol, 
Isopropanol so as to remove the photoresist when the photoresist hadn’t gone through 
an ion implantation. Photoresist loses hydrogen and oxygen during the ion 
implantation and forms a highly carbonised layer that is resistant to chemical 
cleaning. If this layer is not removed completely, it can affect the detector’s properties 
[89].
In cases where the photoresist was hardened after the implantation of the wafers, 
plasma asher with oxygen (dry etching) was used as in addition to the wet cleaning. 
Dry strippers such as oxygen plasma break down the Oxygen molecule O2 in the resist 
to atomic oxygen or form Ozon (O3). The oxygen atoms also react with the carbon in 
the photoresist to form CO2 or CO and hence the photoresist is removed.
5.3.2 W afer Drying and Storage
An important aspect of wet cleaning is the final drying step. Any water marks 
following the drying of the wafer, introduce particle recontamination from static
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charges. The drying method, utilised for this project, consisted of blowing the wafers 
with dry nitrogen and then heating them on a hot plate.
After drying the wafers, they were removed to a cassette and transferred as rapidly as 
possible to the appropriate process tool. They were also stored in closed containers in 
the cleanroom.
5 . 4  P h o t o l i t h o g r a p h y
Photolithography involves the following steps:
• Surface preparation
• Spin Coating
• Prebaking
• Mask alignment
• Light exposure
• Development
• Post-baking
5.4.1 Surface Preparation
The surface preparation involved the cleaning of the wafer. Contaminants and residue 
of previous photoresist were removed prior to the photoresist coating.
Before coating the photoresist, adhesion promoters are used to assist the resist 
coating. Primers are used as adhesion and they form bonds with the wafer’s surface 
and produce an electrostatic surface. Primers used for Si are Hexamethyldisilazane 
(HMDS) ((CH3) 3SiNHSi(CH3) 3)), Trichlorophenylsilane (TCPS) (C6H5SiCl3) and 
Bistrimethylsilylacetamide (BSA) ((CH3)3 SiNCH3COSi(CH3)3) [88].
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H M D S w as used on the w afers processed  for th is project. It w as suffic ien t to  keep the 
surface o f  the w afer over the p rim er for 1 m inute. The vapour reaches the w afer and 
leaves a coat on the surface.
5.4.2 Spin C oating
A fter using the prim er, the w afer w as held on a sp inner chuck by vacuum  and the 
photoresist w as coated.
There are tw o types o f  photoresist, nam ely  positive and negative. For the positive 
resists, after being exposed to the U V  light, the chem ical structure o f  the resist 
changes so that it becom es m ore soluble in the developer. The exposed  resist is then 
w ashed aw ay by the developer solution, leaving w indow s o f  the bare underly ing  
m aterial.
N egative resists function  in the opposite m anner. E xposure to the U V  light causes the 
negative resist to becom e polym erized  and m ore d ifficu lt to dissolve. T herefore, the 
negative resist rem ains on the surface w herever it is exposed, and the developer 
so lu tion  rem oves only the unexposed  parts. F igure 54 show s the pattern  d ifferences 
generated  from  the use o f  positive and negative resist.
E x p o su re
P h o to re s is t
W a fe r
M a s k
Figure 54: Process flow for Photolithography.
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The manufacturer’s data sheet for the photoresist, provides the information required to 
properly select the spimiing time and speed to meet process dependent thickness 
specifications. It also covers the handling precautions and the storage method of the 
photoresist [90]. We have used a positive photoresist for this project. It would not 
have made any difference if we had chosen a negative photoresist. Our choice was 
dictated by availability.
Photoresist should be stored and developed under yellow light. Therefore the 
photolithography was carried out in the yellow-room in the cleanroom.
5.4.3 Prebaking
After the spin coating, prebaking also known as soft-baking is used to evaporate the 
resist solvent and to densify the resist. Usually hotplates are used. Commercially, 
microwave heating or IR lamps are also used in production lines. The thickness of the 
resist is usually decreased by 25% during the prebalce for both the positive and 
negative resists. The photoresist becomes photosensitive or imageable only after soft- 
baking. The prebaking duration time and temperature were determined carefully 
through several experiments.
Too much prebaking will degrade the photosensitivity by either reducing the 
developer solubility or actually destroying the sensitizer (chemical compounds in the 
resist capable of light emission). On the other hand, too short prebaking period will 
prevent light from reaching the sensitizer.
5.4.4 M ask Alignment
Following the prebaking stage, the wafer is aligned to the mask using a mask aligner. 
There are three methods to do so, namely contact, proximity and the projection 
alignments.
In the contact printing, the resist-coated Si wafer is brought into physical contact with 
the photomask and exposed with UV light while the wafer is still in contact position
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with the mask. Because of the contact between the resist and the mask, very high 
resolution is possible in contact printing (0.5 or 1 micron). The problem with contact 
printing is that particles trapped between the resist and the mask can damage the mask 
and cause defects in the pattern on the wafer.
The proximity exposure method is similar to contact printing except that a small gap, 
usually of 10 to 25 microns, is maintained between the wafer and the mask during the 
exposure. This gap minimizes the mask damage.
For contact and proximity alignments, the mask is the same size and scale as the 
printed pattern on the wafer.
Projection printing avoids mask damage entirely. An image of the patterns on the 
mask is projected onto the resist-coated wafer, which is a few centimetres away. The 
image on the mask is focused and reduced by a lens, and projected onto the surface of 
the wafer. Projection printers are capable of approximately 1-micron resolution.
In more complex research systems, the technology goes one step further and uses 
direct writing on the wafer without using any masks. This can be accomplished using 
lasers for geometries of 1-2 microns; electron beams for geometries of 0.1-0.2 micron; 
and focused ion beams for geometries of 0.05-0.1 micron.
For this project, proximity printing was used during the photolithography of the 
wafers.
The photolithography masks are usually made of Fe2 O3 on soda lime glass, Cr on 
soda lime glass or Cr on quartz glass (most expensive). There are also light and dark 
field mask types. Figure 55 shows how to print a pattern on a wafer using a light or 
darlc-field mask. The shaded brown color indicates the Chrome on the mask.
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Light-field mask Dark-field mask
Pattern printed on the wafer
Figure 55: L ight and dark-field  m asks.
For this pro ject eight d ifferen t ligh t-field  m asks m ade o f  C r on quartz  glass w ere used 
during num bers o f  photo lithography processes applied  on the project w afers.
5.4.5 Light Exposure
The exposure param eters required  in order to achieve accurate pattern  transfer from  
the m ask to the photoresist depend prim arily  on the w avelength  o f  the rad iation  
source and the dose. D ifferent photoresists exh ib it d ifferent sensitiv ities to d ifferent 
w avelengths. The dose also varies w ith  the th ickness o f  the photoresist. The 
m anufactu rer’s data sheet p rovides the inform ation  needed for th is step o f  
photolithography [90].
5.4.6 Development
A fter the exposure the w afer w ill be developed  in a suitable solvent. T he developer 
rem oves the exposed photoresist. T here are d ifferen t developers depending  on the
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type o f  the photoresist. D eveloping  requires an  accurate tim ing. U nder o r over­
developing w ill result in destroy ing  the patterns on  the wafer.
5.4 .7  Post-bakin g
The final step in the photo lithography is the post-baking  (or hard-baking) o f  the 
photoresist. T his w ill stabilise and harden  the rem ain ing  photoresist on the wafer.
The post-baking  protects the photoresist so as no t to  com e o ff  easily  during  the 
etching, ion im plantation or o ther processes. T he post-bak ing’s tem peratu re is usually  
5-15 °C h igher than  that for soft-baking and it lasts for about 20-30 m inutes. Som e 
shrinkage o f  the photoresist m ay occur fo llow ing  the post-bake.
F igure 56 show s a photo  o f  the photo lithography applied  to one o f  the w afers 
processed  for th is project. The m ask-a ligner is in the background.
Figure 56: Photolithography applied on one o f  the w afers processed for the project.
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5 .5  I o n  I m p l a n t a t i o n
In the 1970s ion implantation took over from diffusion as a way to introduce 
controlled amounts of dopants into the wafers. In the implantation the doping atoms 
are ionized, accelerated and shot directly to the wafer. The regions that are not 
implanted can be masked by using a layer of material such as photoresist, polysilicon 
or oxide. The thickness of these materials has to be adjusted for the penetration depth 
of the ions.
The penetration of the ions and hence the doping profile can be adjusted by choosing 
the implantation energy.
Ion implantation equipment typically consists of an ion source, where ions of the 
desired element are produced, an accelerator, where the ions are accelerated to a high 
energy, and a target chamber, where the ions impinge on the targeted wafer.
Typical machines used in the manufacture of electronic devices use beam energies in 
the range 200eV up to 2MeV.
Ion implantation is a clean process but great care has to be taken in designing and 
operating the implanter to achieve low contamination levels [91].
Figure 57 shows a plan view schematic of Surrey Ion Beam Center’s Danfysik 1090 
ion implanter, implant range 2 keV to 200 KeV. This ion implanter was used for all 
the implantations carried out on the wafers processed for this project.
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Acceleration
Figure 57: Plan view  schem atic o f  Surrey Ion Beam  C en ter’s D anfysik 1090 ion im planter. 
Im plant range 2 keV to 200 KeV.
The m ajor factors affecting the successful explo ita tion  o f  ion im planta tion  are the 
range distribu tion  o f  the im planted  atom s, the lattice d isorder created , the location o f  
the im planted atom s w ithin  the unit cell o f  the crystal, channeling, the annealing  
treatm ent and the subsequent electrically  activated  ions.
W e w ill consider all o f  these factors briefly  in the present chapter in o rder to obtain  an 
overall picture o f  the problem s involved.
The periodical p lacem ent o f  the Si atom s leads to channelling o f  the dop ing  atom s. 
C hanneling  plays an  im portan t role and has an effect on the electrical characteristics 
o f  the detector.
In o rder to prevent channeling, the w afers are tilted  by 7 degrees w ith  respect to the 
(100) plane o f  the crystal and ro tated  22 degrees.
W ith  ion doses below  1 x 1014 /cm 2, channeling  effects becom e m ore serious even for 
the com m on 7° tilt angle and can cause a varia tion  o f  sheet resistance value if  
im plan ta tion  angles are not op tim ized  [92-95].
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The secondary-ion m ass spectrom etry  (S IM S) technique w as used to ob tain  the ion 
concentration  profile for one o f  the w afers processed for this project. The 
m easurem ent w as perform ed at C ascade Scientific Ltd.
F igure 58 show s the SIM S m easurem ent and the M onte Carlo sim ulation  result for 
one o f  the w afers im planted w ith  2 keV  B +, 3 x 101' cm ’2. The M onte C arlo m odel is 
a good fit to  the SIM S result.
S IM S a n d  M onte-C arlo  B profile for th e  a c tiv e -a re a
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Figure 58: Sim s analysis on one o f  the w afers im planted w ith 2 keV B+3xlO u cm "2 in com parison  
to the M onte-C arlo model.
5 . 6  A n n e a l i n g
A fter the im plantation, the doping atom s are usually  not in regular p laces in the 
crystal lattice and are not electrically  activated. In addition the crystal is dam aged by 
the im plantation. For light ions like B + the lattice dam age occurs m ainly  at the end o f  
the pro jected  range, w here for heavy ions like arsenic the dam age occurs over the 
w hole track.
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An annealing process after completion of the implantation is required to repair the 
lattice damage and activate the implanted ions. The most important aspect in any 
annealing process is to achieve a high dopant activation, while at the same time 
maintaining the shallow junction and removing of end of range damage [96-100].
During annealing, point defects (interstitials) extend into the bulk and cause TED, 
which is one of the issues when fabricating high quality shallow junctions. There is 
also a movement of the interstitials to the surface causing broadening in the 
concentration peak in the surface [101-103].
Experimental observation has showed that laser and RTA annealing make initial
• • 91 ^electrical activation up to a level of 10 cm possible and also maintain a shallow 
junction. However, deactivation occurs during additional thermal treatments [102, 
104-109],
For this project several annealing processes were carried out. The first annealing was 
carried out after the implantation of the p+ in the n+ layer and the back of the wafer, 
and the B+ implantation of the guard-rings. This annealing was for 2 min at 1050 °C. 
For the shallow junction B+ implantation on the active-area, annealing was carried 
out for 5s at 950 °C on some of the wafers and for some other wafers these parameters 
were changed to 10s at 850 °C (See the simulation results in chapter 4.3.3). This 
process gave us an opportunity to have a split in the processing of the wafers. The 
results of each batch has been analysed in chapter 6 and the best processing 
configuration has been determined.
5 . 6  M e t a l l i z a t i o n
Metallization is a technique used to deposit a thin film of a metallic material on the 
surface of the substrate.
Metallization was used to provide low resistivity contacts on the detectors. The 
contact metal should be a good conductive, non-reactive, thermally and electrically 
stable. The most common metal used as an interconnect material is Al because of its 
low resistivity p=2.7 pXlcm and good adhesion on Si and oxide.
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A l can either be evaporated or sputtered.
For this project we sputtered the metal contacts on the detectors. The advantages with 
sputtering over the evaporation are that less damage occurs on the surface of the 
substrate and the deposited film is more uniform.
In the sputtering method plasma at higher pressure is used to knock metal atoms out 
of the target. The substrate such as a Si wafer is placed in the path of these ejected 
atoms and a thin layer of the target material will be coated on the wafer.
Si is highly dissolvable in Al. Therefore there is a risk that the Si might dissolve into 
the Al during the annealing and Al spikes will grow into the Si. To avoid this 
phenomenon (spiking), a small amount of Si is usually added to the Al. A mixture of 
1% of Si in Al (AlSil%) was used for the sputtering of the contacts in this project.
A good ohmic contact to the Si substrate is provided only if the Si regions under the 
contacts are highly doped. Furthermore For obtaining a good electrical contact to the 
Si a sintering step is necessary [63].
Sintering was carried out after the deposition of the metal contacts. This step is 
necessary to ensure creation of an ohmic contact. To determine whether the annealing 
time and temperature were sufficient, some experiments were carried out on the test 
structures (Cross-Bridge Kelvin Resistor) provided for evaluation of the contacts.
Cross-Bridge Kelvin Resistor (CBKR) structures are the most widely used test 
structures to characterize whether the metal-semiconductor contacts are ohmic or not. 
The measurement principle consists of forcing the current between pad 1 and 2 and 
measure the voltage drop between pad 3 and 4 [110]. See Figure 59.
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Figure 59: C ross-B ridge K elvin R esistor structure [110].
The m easured K elvin resistance can then  be found as:
* I
In the 1 -D M odel approach, the contact resistance can be calculated  directly  from  the 
contact area A  and the contact resistiv ity  P c .
R  =  —
T he 1 -D  M odel above does not account for the curren t flow ing in the overlap  region 
( 8 ) o f  the underly ing  layer. See F igure 59. I f  8>0, in this case the so-called  2-D 
M odel should  be applied. T he m easured R k is then  a sum  o f  the R c and the resistance 
due to  the curren t flow  around the contact in the overlap  region ( R^om) [111, 112].
Rk -  Rc + R geom
R  = B l + 4 R >I>S  
A 3 WXW V
1 +
2 (Wx - S )
R Sh is the sheet resistance o f  the underly ing  layer. The contact geom etry  param eters 
Wx , Wy and 8  are all defined in F igure 59.
101
I f  the I-V  characteristic o f  the device is linear and sym m etric, the contact is ohm ic. I f  
the I-V characteristic is non-linear and asym m etric, the contact is a b lock ing  or 
Schottky contact.
F igure 60 show s the I-V  characteristics for the C B K R  devices for one o f  the w afers 
under investigation, a) afte r sin tering for 3 m in  at 470 °C and b) afte r sin tering for 6 
m in at 470 °C. C B K R  1 and 2 represen t tw o o f  the devices located  on tw o chips on 
the top o f  the w afer, C B K R  3 to  5 represen t th ree o f  the devices on  th ree chips in the 
centre o f  the w afer and the rem ain ing  C B K R  6 and 7 w ere taken  from  tw o chips on 
the bottom  o f  the wafer.
The figure show s that ohm ic contacts w ere ach ieved  for the devices located  on top o f  
w afer after being sin tered for 3 m in at 470 °C. T his is show n from  the linearity  o f  the 
I-V characteristic for C B K R  1 and 2. T he 3 m in  duration  for sin tering obviously  w as 
not sufficient for all the devices. A fter sin tering  for 6 m in at 470 °C, all the devices on 
the w afer ob tained an ohm ic contact as show n in Figure 60 b).
a) b)
F igure 60: I-V  characteristics for the K elvin contact resistor devices for one o f  the w afers under  
investigation  a) after sintering for 3 min at 470 °C and b) after sintering for 6  min at 470 °C.
I-V Characteristics for the Kelvin contact resistance devices after sintering for 6 
min at 470 C
— CBKR 1 
— CBKR 2 
— CBKR 3 
— CBKR 4 
— CBKR 5 
— CBKR6 
— CBKR7
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Figure 61 show s one o f  the p in-d iode detectors w ith  2 guard-rings. T he guard-rings 
and the n+ layer as show n are covered  w ith  a m etal contact w hile the active-area is 
covered w ith  10 nm  oxide. The p in-d iode detec to r is sitting on the FET. T his is a 
picture o f  the final product, designed, m odelled  and m anufactured for th is project.
Figure 61: O ne o f  the m anufactured p in-diode detectors connected to a FET.
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6 M easu rem en t A nalysis
C h a p t e r  6  d e s c r i b e s  t h e  e l e c t r i c a l  m e a s u r e m e n t s  p e r f o r m e d  o n  t h e  d e t e c t o r s .  T h e  
r e s u l t s  a r e  t h e n  a n a l y s e d  a n d  t h e  b e s t  d e v i c e  c o n f i g u r a t i o n  i s  d e t e r m i n e d .
T h e  p i n - d i o d e  d e t e c t o r s  d i f f e r  i n  s t r u c t u r e  ( S e e  c h a p t e r  4 )  a n d  i n  t h e  p r o c e s s i n g  
t e c h n o l o g i e s  u s e d  t o  m a n u f a c t u r e  t h e m .
T a b l e  6  D e s c r i b e s  t h e  s t r u c t u r e  o f  t h e  n i n e  p i n - d i o d e  d e t e c t o r s  ( r e f e r e n c e d  a s  d e v i c e s  
1 t o  9 ) .  I n  T a b l e  6  s h a l l o w  i m p l a n t a t i o n  u n d e r  t h e  a n o d e ’s  c o n t a c t  m e a n s  t h a t  t h i s  
r e g i o n  h a s  b e e n  i m p l a n t e d  w i t h  2  k e V  B + 3  x  1 0 13 c m " 2, t i l t = 7 °  a n d  r o t a t i o n = 2 2 °  a n d  
t h e  d e e p  i m p l a n t a t i o n  m e a n s  t h a t  t h i s  r e g i o n  h a s  b e e n  i m p l a n t e d  w i t h  a n  a d d i t i o n a l  1 0  
lc e V  B + 2 x l 0 14c m '2, t i l t = 7 °  a n d r o t a t i o n = 2 2 ° .
Number of 
guard-rings
Type of 
Guard-ring
n+layer Imp. under the 
anode’s contact
Active-area’s
surface
Device 1 3 F l o a t i n g Yes D e e p M e t a l l i s e d
Device 2 3 C o n t a c t e d Y e s S h a l l o w M e t a l l i s e d
Device 3 3 C o n t a c t e d Y e s D e e p M e t a l l i s e d
Device 4 3 C o n t a c t e d N o D e e p M e t a l l i s e d
Device 5 2 C o n t a c t e d Yes S h a l l o w O x i d i s e d
Device 6 2 C o n t a c t e d Y e s D e e p O x i d i s e d
Device 7 2 F l o a t i n g Yes D e e p M e t a l l i s e d
Device 8 2 C o n t a c t e d Y e s S h a l l o w M e t a l l i s e d
Device 9 2 C o n t a c t e d Y e s D e e p M e t a l l i s e d
T ab le  6: S tructu ral descriptions o f  the nine d iffe ren t p in-d iode detectors.
A s  p a r t  o f  t h i s  p r o j e c t ,  w e  m a n u f a c t u r e d  t h e  d e t e c t o r s  i n  t w o  i t e r a t i o n s .
T h e  f i r s t  p r o c e s s i n g  r u n  p u t  a l l  t h e  t h e o r y  g a i n e d  u s i n g  t h e  S i l v a c o  s i m u l a t i o n  
p r o g r a m m e  i n t o  p r a c t i c e .  W e  p r o c e s s e d  a n d  a n a l y s e d  4  w a f e r s :
•  O n  t h e  f i r s t  w a f e r ,  w e  i m p l a n t e d  t h e  e n t r a n c e  w i n d o w  ( a c t i v e - a r e a )  o f  t h e  
d e v i c e s  w i t h  2  k e V  T F ]  5  x  1 0 12, t i l t = 7 °  a n d  r o t a t i o n = 2 2 ° .
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•  O n  t h e  s e c o n d  w a f e r ,  t h e  e n t r a n c e  w i n d o w  w a s  i m p l a n t e d  w i t h  2  k e V  
B F ?  5  x  1 0 12, t i l t = 7 °  a n d  r o t a t i o n = 2 2 °  t h r o u g h  a  1 0  n m  o x i d e
•  T h e  t h i r d  w a f e r  h a d  i t s  e n t r a n c e  w i n d o w s  i m p l a n t e d  w i t h  2  k e V  B + 3  x  1 0 13, 
t i l t = 7 °  a n d  r o t a t i o n = 2 2 ° .
•  O n  t h e  f o u r t h  w a f e r ,  t h e  e n t r a n c e  w i n d o w  w a s  i m p l a n t e d  w i t h  2  k e V  
B + 3 x l 0 13, t i l t = 7 °  a n d r o t a t i o n = 2 2 °  t h i 'o u g h  a  1 0  n m  o x i d e .
W e  a n a l y s e d  t h e  r e s u l t s  o f  t h e  f i r s t  r u n  a n d  i d e n t i f i e d  a  n u m b e r  o f  a r e a s  w h e r e  t h e r e  
w a s  s o m e  f l e x i b i l i t y  i n  t h e  m a n u f a c t u r i n g  p r o c e s s .
T h i s  l e d  t o  t h e  s e c o n d  p r o c e s s i n g  r u n ,  w i t h  o n l y  2  lc e V  B + 3  x  1 0 13, t i l t = 7 °  a n d  
r o t a t i o n = 2 2 °  w e r e  u s e d  t o  i m p l a n t  t h e  e n t r a n c e  w i n d o w  o f  t h e  d e v i c e s .  T w o  w a f e r s  
w e r e  p r o c e s s e d  a n d  a n a l y s e d  a s  p a r t  o f  t h e  s e c o n d  r im :
1 )  F o r  w a f e r  1 , t h e  e n t r a n c e  w i n d o w  w a s  a n n e a l e d  f o r  5 s  a t  9 5 0  ° C
2 )  F o r  w a f e r  2 ,  t h e  e n t r a n c e  w i n d o w  w a s  a n n e a l e d  f o r  1 0 s  a t  8 5 0  ° C .
E a c h  w a f e r  w a s  s p l i t  i n t o  2  h a l v e s ,  t h e  r e g i o n  u n d e r  t h e  c o n t a c t  o n  t h e  a c t i v e - a r e a  
b e i n g  i m p l a n t e d  w i t h  a  d i f f e r e n t  q u a n t i t y  o f  B + i n  e a c h  h a l f .
D u e  t o  t h e  f a c t  t h a t  t h e  w a f e r s  w e r e  s p l i t  i n t o  2  s i d e s  f o r  i m p l a n t a t i o n ,  t h e r e  w e r e  a  
t o t a l  o f  4  d i f f e r e n t  b a t c h e s  o f  d e v i c e s  t o  a n a l y s e .
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I6 . 1  M e a s u r e m e n t s  S c h e m a t i c s
T o  m e a s u r e  t h e  I - V  c h a r a c t e r i s t i c s  o f  t h e  d e v i c e s  i n  b o t h  p r o c e s s i n g  r u n s ,  t w o  
m e a s u r e m e n t  t e c h n i q u e s  w e r e  u t i l i s e d :
1 )  R e v e r s e  b i a s  o f  e a c h  d e v i c e  w i t h o u t  b i a s i n g  t h e  g u a r d - r i n g s
2 )  R e v e r s e  b i a s  o f  e a c h  d e v i c e  w i t h  b i a s i n g  t h e  i n n e r m o s t  g u a r d - r i n g
F i g u r e  6 2  s h o w s  t h e  m e a s u r e m e n t  s c h e m a t i c  f o r  a  t y p i c a l  d e v i c e  w h e n  t h e  d e v i c e  i s  
r e v e r s e  b i a s e d  w i t h o u t  b i a s i n g  a n y  g u a r d - r i n g .
I ig  i s  w h e r e  t h e  P i c o - a m p  m e t e r  i s  c o n n e c t e d ,  w h i c h  r e a d s  t h e  l e a k a g e  c u r r e n t  o u t  
f r o m  t h e  s u b s t r a t e .  V j o  i s  t h e  a p p l i e d  v o l t a g e  o n  t h e  a c t i v e - a r e a  a n d  t h e  s u b s t r a t e .
Vic
— if-----1
5 4 3 2 1
A  IlG
Figure 62: Measurement schematic without biasing the guard-ring.
106
F i g u r e  6 3  s h o w s  t h e  m e a s u r e m e n t  s c h e m a t i c  f o r  a  t y p i c a l  d e v i c e  w h e n  t h e  a c t i v e - a r e a  
a n d  t h e  i n n e r m o s t  g u a r d - r i n g  a r e  r e v e r s e  b i a s e d .
1 1g  i s  t h e  l e a k a g e  c u r r e n t ,  w h i c h  i s  g e n e r a t e d  o u t  f r o m  t h e  a c t i v e - a r e a .
I 2g  i s  t h e  l e a k a g e  c u r r e n t ,  w h i c h  i s  g e n e r a t e d  o u t  f r o m  t h e  g u a r d - r i n g .
I i g +  L g  i s  w h e r e  t h e  P i c o - a m p  m e t e r  i s  c o n n e c t e d ,  w h i c h  r e a d s  t h e  t o t a l  l e a k a g e  
c u r r e n t  g e n e r a t e d  f r o m  t h e  a c t i v e - a r e a  a n d  t h e  g u a r d - r i n g .
V ig  a n d  V 2g  a r e  t h e  a p p l i e d  v o l t a g e s  o n  t h e  a c t i v e - a r e a  a n d  t h e  i n n e r m o s t  g u a r d - r i n g  
r e s p e c t i v e l y .
I f
5 4 3 2
i / w
Vk
If
I I
w
A  IlG  +I2G
Figu re 63: M easurem ent schematic w ith  biasing the guard-ring.
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6 . 2  F i r s t  P r o c e s s  R u n  A n a l y s i s
F o r  t h i s  p r o c e s s i n g  r u n ,  w e  w i l l  o n l y  s h o w  t h e  a c t i v e - a r e a  l e a k a g e  c u r r e n t  o f  t h e  
d e t e c t o r s  w i t h  b i a s i n g  t h e  i n n e r m o s t  g u a r d - r i n g  ( I ig ) .  T h e  c h a p t e r  d e s c r i b i n g  t h e  
s e c o n d  p r o c e s s i n g  r u n  w i l l  s h o w  m o r e  d e t a i l e d  l e a k a g e  c u r r e n t  r e s u l t s .
•  O n  t h e  f i r s t  w a f e r ,  w e  i m p l a n t e d  t h e  e n t r a n c e  w i n d o w  ( a c t i v e - a r e a )  o f  t h e  
d e v i c e s  w i t h  2  k e V  B F f  5  x  1 0 12, t i l t —7 °  a n d  r o t a t i o n = 2 2 ° .
•  O n  t h e  s e c o n d  w a f e r ,  t h e  e n t r a n c e  w i n d o w  w a s  i m p l a n t e d  w i t h  2  k e V  
B F J  5  x  1 0 12, t i l t = 7 °  a n d  r o t a t i o n = 2 2 °  t h r o u g h  a  1 0  n m  o x i d e
•  T h e  t h i r d  w a f e r  h a d  i t s  e n t r a n c e  w i n d o w s  i m p l a n t e d  w i t h  2  k e V  B + 3  x  1 0 13, 
t i l t = 7 °  a n d  r o t a t i o n = 2 2 ° .
•  O n  t h e  f o u r t h  w a f e r ,  t h e  e n t r a n c e  w i n d o w  w a s  i m p l a n t e d  w i t h  2  k e V  
B + 3  x  1 0 13, t i l t = 7 °  a n d  r o t a t i o n = 2 2 °  t h r o u g h  a  1 0  n m  o x i d e .
6.2.1 W afer 1 -  BF+2 Used for Implantation
F i g u r e  6 4  s h o w s  t h e  l e a k a g e  c u r r e n t  w i t h  b i a s i n g  t h e  i n n e r m o s t  g u a r d - r i n g  ( I i g ) ,  f o r  
a l l  d e v i c e s  (1  t o  9 )  o n  t h e  w a f e r  w i t h  B F J  i m p l a n t e d  i n  t h e  e n t r a n c e  w i n d o w .  T h e  
i m p l a n t a t i o n  d o s e  w a s  5  x  1 0 12 c m '2 w i t h  a n  e n e r g y  o f  2  k e V ,  t i l t = 7 °  a n d  r o t a t i o n = 2 2 ° .
P i n - d i o d e  d e t e c t o r s  5  t o  9  w i t h  2  g u a r d - r i n g s  e x h i b i t  l e s s  l e a k a g e  c u r r e n t  t h a n  t h e  
d e t e c t o r s  1 t o  4  w i t h  3  g u a r d - r i n g s .  P i n - d i o d e  d e t e c t o r s  2  a n d  4  y i e l d  h i g h e r  l e a k a g e  
c u r r e n t  t h a n  a l l  t h e  o t h e r  d e t e c t o r s .
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F igu re 64: The leakage current w ith  biasing the gu ard -ring  fo r  all the detectors on the w a fe r  w ith 
B F+2 im planted in the entrance w indow .
6.2.2 Wafer 2 -  BF+2Used for Implantation through a lOnm Oxide
F i g u r e  6 5  s h o w s  t h e  l e a k a g e  c u r r e n t  w i t h  b i a s i n g  t h e  i n n e r m o s t  g u a r d - r i n g  ( I i G) ,  f o r  
a l l  d e t e c t o r s  (1  t o  9 )  o n  t h e  w a f e r  w i t h  B F ]  i m p l a n t e d  t h r o u g h  a  1 0  n m  o x i d e  i n  t h e  
e n t r a n c e  w i n d o w .  T h e  i m p l a n t a t i o n  d o s e  w a s  5 x  1 0 12 c m '2 w i t h  a n  e n e r g y  o f  2  k e V ,  
t i l t = 7 °  a n d  r o t a t i o n = 2 2 ° .
P i n - d i o d e  d e t e c t o r s  5  t o  9  w i t h  2  g u a r d - r i n g s  h a v e  l o w e r  l e a k a g e  c u r r e n t  t h a n  
d e t e c t o r s  1 t o  4  w i t h  3 g u a r d - r i n g s .  P i n - d i o d e s  2  a n d  4  y i e l d  t h e  h i g h e s t  l e a k a g e  
c u r r e n t .
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Figu re 65: The leakage current w ith  biasing the gu ard-ring  fo r  all the detectors on the w a fer w ith 
B F+2 im planted through a 10 nm ox ide in the entrance w indow .
6.2.3 W afer 3 -  B+ Used for Implantation
F i g u r e  6 6  s h o w s  t h e  l e a k a g e  c u r r e n t  w i t h  b i a s i n g  t h e  i n n e r m o s t  g u a r d - r i n g  ( I i g )  f o r  
d e t e c t o r s  1 t o  9  o n  t h e  w a f e r  w i t h  B + i m p l a n t e d  i n  t h e  e n t r a n c e  w i n d o w .  T h e  
i m p l a n t a t i o n  d o s e  w a s  3 x  1 0 13 c m '2 w i t h  a n  e n e r g y  o f  2  k e V ,  t i l t = 7 °  a n d  r o t a t i o n = 2 2 ° .
A l l  t h e  p i n - d i o d e  d e t e c t o r s  d i s p l a y e d  a l m o s t  t h e  s a m e  l e a k a g e  c u r r e n t ,  r e g a r d l e s s  o f  
t h e  n u m b e r  o f  g u a r d - r i n g s  .
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Figu re 66: Th e  leakage current w ith  biasing the guard-ring  fo r  all the detectors on the w a fer w ith 
B+ im planted in the entrance w indow .
6.2.4 Wafer 4 -  B+ Used for Implantation through a lOnm Oxide
F i g u r e  6 7  s h o w s  t h e  l e a k a g e  c u r r e n t  w i t h  b i a s i n g  t h e  i n n e r m o s t  g u a r d - r i n g  ( I 1G) , f o r  
a l l  d e t e c t o r s  (1  t o  9 )  o n  t h e  w a f e r  w i t h  B + i m p l a n t e d  t h r o u g h  a  1 0  n m  o x i d e  i n  t h e  
e n t r a n c e  w i n d o w .  T h e  i m p l a n t a t i o n  d o s e  w a s  3  x  1 0 13 c m '2 w i t h  a n  e n e r g y  o f  2  k e V ,  
t i l t = 7 °  a n d  r o t a t i o n = 2 2 ° .
A l l  t h e  p i n - d i o d e s  s h o w e d  a l m o s t  t h e  s a m e  l e a k a g e  c u r r e n t  r e g a r d l e s s  o f  t h e  n u m b e r  
o f  g u a r d - r i n g s  e x c e p t  f o r  d e v i c e  4  ( w i t h  3  g u a r d - r i n g s ) .
M o r e o v e r ,  d e v i c e s  2  a n d  3 ( b o t h  w i t h  3 g u a r d - r i n g s )  h a v e  a  b r e a k d o w n  a r o u n d  3 8  V  
a n d  3 0  V  r e s p e c t i v e l y .
I l l
F igu re  67: Th e  leakage current w ith  biasing the gu ard-rin g  fo r  all the detectors on the w a fe r  w ith 
B+ im planted through a 10 nm ox ide in the entrance w indow .
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6 . 2 . 5  A n a l y s i s  o f  t h e  R e s u l t s
I o n  i m p l a n t a t i o n  i n  s i l i c o n  r e s u l t s  i n  t h e  c r e a t i o n  o f  l a r g e  c o n c e n t r a t i o n s  o f  i n t e r s t i t i a l s  
a n d  v a c a n c i e s  w h i c h ,  d u r i n g  a n n e a l i n g ,  t e n d  t o  r e c o m b i n e  a n d  e v e n t u a l l y  c o n d e n s e  t o  
f o r m  d e f e c t s  o f  v a r i o u s  t y p e s .  A m o n g  t h e m  a r e  t h e  “ e x t e n d e d ”  d e f e c t s  w h i c h  c a n  b e  
d e f i n e d  a s  t h o s e  d e f e c t s  t h a t  c a n  b e  i m a g e d  b y  T r a n s m i s s i o n  E l e c t r o n  M i c r o s c o p y .
T h e  i n t e r a c t i o n s  b e t w e e n  t h e s e  d e f e c t s  a n d  t h e  d o p a n t  a t o m s  a r e  a t  t h e  o r i g i n  o f  t h e  
T E D  p h e n o m e n o n .  T h e r e  h a s  b e e n  m u c h  d e b a t e  i n  t h e  l i t e r a t u r e  c o n c e r n i n g  t h e  
f o r m a t i o n  m e c h a n i s m  a n d  t h e  a t o m i c  s t r u c t u r e  o f  d e f e c t s  t h a t  a r e  i n t r o d u c e d  b y  
v a r i o u s  p r o c e s s e s  s u c h  a s  o x i d a t i o n  a n d  i o n  i m p l a n t a t i o n .  T h e  s m a l l e s t  d e f e c t s  t h a t  
t h e  T E M  c a n  r e s o l v e  a r e  a l r e a d y  2  n m - l o n g  { 1 1 3 }  d e f e c t s  c o n t a i n i n g  a t  l e a s t  4 0  
a t o m s .  O n c e  t h e s e  { 1 1 3 }  s  a r e  f o r m e d ,  t h e y  g r o w  i n  s i z e  a n d  r e d u c e  t h e i r  d e n s i t y .  
W h i l e  t h e y  c a n  d i s s o l v e  i f  a  h i g h l y  r e c o m b i n i n g  s u r f a c e  i s  c l o s e  e n o u g h  t o  t h e m ,  t h e y  
c a n  t r a n s f o r m  i n t o  d i s l o c a t i o n  l o o p s  i f  t h e y  g r o w  u p  t o  a  c e r t a i n  s i z e .  T h e  d i s l o c a t i o n  
l o o p s  a r e  t h e  m o s t  c o m m o n  a n d  w e l l  k n o w n  t y p e  o f  E n d - O f - R a n g e  ( E O R )  d e f e c t s .  
T h e s e  l o o p s  a r e  i n t e r s t i t i a l  i n  n a t u r e  [ 5 8 ] .
D u r i n g  t h e  f i r s t  b a t c h  p r o d u c t i o n  t w o  o f  t h e  w a f e r s  w e r e  i m p l a n t e d  w i t h  B F J . T h e  
o b j e c t i v e  w a s  t o  o b t a i n  a  s h a l l o w  j u n c t i o n  [ 1 1 3 - 1 1 7 ] .  H o w e v e r  i n t e r s t i t i a l  c l u s t e r ,  
v a c a n c y  c l u s t e r ,  a n d / o r  c o u p l e d  w i t h  o t h e r  d e f e c t s  i n c r e a s e  t h e  t o t a l  B + d i f f u s i o n  
d u r i n g  t h e  a n n e a l i n g  p r o c e s s ,  w h i c h  m a k e s  m a i n t a i n i n g  a  s h a l l o w  j u n c t i o n  d i f f i c u l t  
[ 1 1 8 ] .
I t  h a s  b e e n  r e p o r t e d  t h a t  B F f  i m p l a n t e d  S i  i n c l u d e s  t h e  p i l e u p  o f  f l u o r i n e  i n  
t h e  B + p e a k  a n d  r e d u c e s  t h e  B + c o n c e n t r a t i o n  i n  t h i s  r e g i o n  [ 1 1 9 ] ,  t h i s  c o n s e q u e n t l y  
i n c r e a s e s  t h e  l e a k a g e  c u r r e n t .  S e e  F i g u r e  2 8 .  I t  h a s  b e e n  s h o w n  t h a t  F l u o r i n e  i m p l a n t s  
c a n  i n c r e a s e  t h e  l e a k a g e  c u r r e n t  o f  t h e  d e v i c e  [ 1 2 0 ,  1 2 1 ] .
A n o t h e r  r e a s o n  b e h i n d  t h e  h i g h  l e a k a g e  c u r r e n t  i n  t h e  F l u o r i n e  i m p l a n t e d  w a f e r s  c a n  
b e  t h a t  t h e  e t c h i n g  r a t e  c h a n g e s  w i t h  t h e  p r e s e n c e  o f  f l u o r i n e  i n  t h e  S i .  T h e  e t c h i n g  o f  
t h e  c o n t a c t  a r e a  j u s t  b e f o r e  m e t a l  d e p o s i t i o n  i s  i m p o r t a n t  t o  r e m o v e  t h e  o x i d e  l a y e r .  
H o w e v e r ,  o v e r - e t c h i n g  o f  t h e  c o n t a c t  a r e a  r e s u l t s  i n  l o s s  o f  B + d o p a n t s  [ 1 0 4 ]  a n d  
i n c r e a s i n g  t h e  l e a k a g e  c u r r e n t .
113
T w o  o f  t h e  w a f e r s  ( w a f e r  2  a n d  4 )  w e r e  i m p l a n t e d  t h r o u g h  a  t h i n  l a y e r  o f  o x i d e .  T h e  
p u r p o s e  a g a i n  w a s  t o  a c h i e v e  a  s h a l l o w  j u n c t i o n .  T h e  o x i d e  l a y e r  w a s  k e p t  o n  t h e  
w a f e r s  t h r o u g h o u t  t h e  p r o c e s s i n g .  T h i s  o x i d e  l a y e r  i s  e s s e n t i a l  a n d  a c t s  a s  a  
p a s s i v a t i o n  l a y e r .  A t  t h e  e n d  o f  t h e  p r o d u c t i o n  j u s t  b e f o r e  d e p o s i t i n g  t h e  c o n t a c t s  w e  
c o u l d  h a v e  r e m o v e d  t h i s  l a y e r  a n d  r e p l a c e d  i t  w i t h  a  f r e s h  l a y e r  o f  o x i d e  b u t  p u t t i n g  
t h e  w a f e r s  t h o u g h  a n  o x i d a t i o n  p r o c e s s  a f t e r  t h e  B + i m p l a n t a t i o n s  w o u l d  d i f f u s e  
t h e i U  e v e n  f u r t h e r  a n d  c o n s e q u e n t l y  i n c r e a s e  t h e  l e a k a g e  c u r r e n t .  F o r  t h i s  r e a s o n  t h i s  
l a y e r  o f  o x i d e  w a s  n o t  r e m o v e d  a n d  p r o b a b l y  t h i s  d a m a g e d  o x i d e  l a y e r  c o u l d  b e  t h e  
r e a s o n  b e h i n d  t h e  i n c r e a s e d  l e a k a g e  c u r r e n t  i n  t h e s e  w a f e r s  c o m p a r e d  t o  t h e  b a r e  
i m p l a n t e d  w a f e r s .
O x i d e  d a m a g e  b y  i o n  i m p l a n t a t i o n  i s  a  w e l l - k n o w n  e f f e c t .  P o i n t  d e f e c t s  i n  t h e  o x i d e  
l a y e r  p r o v i d e  c h a r g e  t r a p p i n g  i n  t h e  m a t e r i a l  a n d  a f f e c t  t h e  l o n g - t e r m  p e r f o r m a n c e  
a n d  t h e  l e a k a g e  c u r r e n t  o f  t h e  d e v i c e s .
D e v i c e s  w i t h  2  g u a r d - r i n g s  e x h i b i t  l o w e r  l e a k a g e  c u r r e n t  t h a n  t h e  d e v i c e s  w i t h  3 
g u a r d - r i n g s ,  a s  s h o w n  b y  t h e  I - V  c h a r a c t e r i s t i c s .  T h i s  c a n  b e  d u e  t o  t h e  w a y  t h e  
c o n t a c t s  w e r e  p l a c e d  o n  t h e  d e v i c e s .  C h a p t e r  6 .5  a n a l y s e s  t h i s  c o n c e p t  i n  m o r e  d e t a i l .
A f t e r  a n a l y s i n g  t h e  r e s u l t s  o f  t h e  f i r s t  p r o c e s s i n g  r u n ,  w e  d e c i d e d  t o  i m p l a n t  t h e  
e n t r a n c e  w i n d o w  o f  t h e  w a f e r s  f o r  t h e  2 nd r u n  w i t h  B + o n l y ,  s i n c e  i t  g a v e  t h e  b e s t  
r e s u l t s  w i t h  l o w e r  l e a k a g e  c u r r e n t .
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6 . 3  S e c o n d  P r o c e s s i n g  R u n  A n a l y s i s
T w o  w a f e r s  w e r e  p r o c e s s e d  d u r i n g  t h e  s e c o n d  p r o d u c t i o n  r u n .
F o r  w a f e r  1 t h e  e n t r a n c e  w i n d o w  ( a c t i v e - a r e a )  w a s  a n n e a l e d  f o r  5 s  a t  9 5 0  ° C .  F o r  
w a f e r  2  t h e  e n t r a n c e  w i n d o w  ( a c t i v e - a r e a )  w a s  a n n e a l e d  f o r  1 0 s  a t  8 5 0  ° C .
F o r  b o t h  w a f e r s ,  t h e  s u r f a c e  w a s  s p l i t  i n t o  2  h a l v e s .  O n  o n e  h a l f ,  t h e  r e g i o n  u n d e r  t h e  
c o n t a c t  o n  t h e  a c t i v e - a r e a  ( a n o d e )  w a s  i m p l a n t e d  w i t h  2  k e V  B + 3  x  1 0 13 c n f 2, t i l t = 7 °  
a n d  r o t a t i o n = 2 2 ° ,  w h i l e  o n  t h e  o t h e r  h a l f ,  t h e  a n o d e  w a s  i m p l a n t e d  w i t h  a n  a d d i t i o n a l  
1 0  k e V  B + 2  x  1 0 14 c m '2 , t i l t = 7 °  a n d  r o t a t i o n = 2 2 ° .
D u e  t o  t h e  f a c t  t h a t  f o r  i m p l a n t a t i o n  t h e  w a f e r s ’ s u r f a c e s  w e r e  s p l i t  i n t o  2  s i d e s ,  t h e r e  
w e r e  a  t o t a l  o f  4  d i f f e r e n t  b a t c h e s  o f  d e v i c e s  t o  a n a l y s e :
B a t c h  1 -  S e c t i o n  o f  W a f e r  1 ( a n n e a l e d  f o r  5 s  a t  9 5 0  ° C ) ,  a n o d e  i m p l a n t e d  w i t h  2  k e V  
B + 3  x  1 0 13 c m '2, t i l t = 7 °  a n d  r o t a t i o n = 2 2 ° .
B a t c h  2  -  S e c t i o n  o f  W a f e r  1 ( a n n e a l e d  f o r  5  s  a t  9 5 0  ° C ) ,  a n o d e  i m p l a n t e d  w i t h  a n  
a d d i t i o n a l  1 0  lc e V  B + 2  x  1 0 14 c m " 2, t i l t = 7 °  a n d  r o ta t io n = = 2 2 0 .
B a t c h  3  -  S e c t i o n  o f  W a f e r  2  ( a n n e a l e d  f o r  1 0 s  a t  8 5 0  ° C ) ,  a n o d e  i m p l a n t e d  w i t h  2  
lc e V  B + 3  x  1 0 13 c m '2, t i l t = 7 °  a n d  r o t a t i o n = 2 2 ° .
B a t c h  4  -  S e c t i o n  o f  W a f e r  2  ( a n n e a l e d  f o r  1 0 s  a t  8 5 0  ° C ) ,  a n o d e  i m p l a n t e d  w i t h  a n  
a d d i t i o n a l  1 0  lc e V  B + 2 x  1 0 14 c m '2, t i l t = 7 °  a n d  r o t a t i o n = 2 2 ° .
F o r  b o t h  w a f e r s  t h e  c o n t a c t s  w e r e  a n n e a l e d  f o r  6  m i n u t e s  a t  4 7 0  ° C .
A l l  t h e  p i n - d i o d e s  w e r e  a n a l y s e d  o n  e a c h  o f  t h e  4  w a f e r  b a t c h e s  m e n t i o n e d  a b o v e .
T h i s  c h a p t e r  w i l l  d e s c r i b e  t h e  I - V  c h a r a c t e r i s t i c s  o f  t h e  4  a n a l y s e d  b a t c h e s  f o r  t h e  9  
d e v i c e s  a n d  t h e  l i t t l e  p i n - d i o d e  d e t e c t o r s  w i t h  a n  a c t i v e - a r e a  o f  1 m m 2 .
E a c h  d e v i c e  i n  a  b a t c h  i s  c o m p a r e d  w i t h  t h e  s a m e  d e v i c e  i n  t h e  o t h e r  t h r e e  b a t c h e s .  
T h e  r e s u l t s  a r e  t h e n  a n a l y s e d  i n  c h a p t e r  6 .5 .
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6.3.1 Batch 1 -  Section of W afer 1 Implanted with 2 keV B+ 3 x l0 13 
cm"2 Annealed for 5s at 950 °C
T h e  f o l l o w i n g  r e s u l t s  a r e  f o r  t h e  h a l f  o f  w a f e r  1 w h e r e  t h e  r e g i o n  u n d e r  t h e  c o n t a c t  o n  
t h e  a c t i v e - a r e a  w a s  i m p l a n t e d  w i t h  2  k e V  B + 3  x  1 0 13 c m '2, t i l t = 7 °  a n d  r o t a t i o n = 2 2 ° .
F i g u r e  6 8  s h o w s  t h e  I - V  c h a r a c t e r i s t i c s  w h e n  t h e  d e t e c t o r s  a r e  r e v e r s e  b i a s e d  w i t h o u t  
b i a s i n g  a n y  g u a r d - r i n g .  T h e  m e a s u r e m e n t  s c h e m a t i c  i s  a c c o r d i n g  t o  F i g u r e  6 2 .
F i g u r e  6 8  a l s o  s h o w s  t h a t  p i n - d i o d e s  1 t o  4  ( w i t h  3 g u a r d - r i n g s )  y i e l d  h i g h e r  l e a k a g e  
c u r r e n t  t h a n  d e v i c e s  w i t h  2  g u a r d - r i n g s .
Figu re 68: The leakage current w ithout biasing any guard-ring  fo r  the section o f  w a fe r  1 w here 
the region under the contact on the active-area was im planted w ith 2 keV  B+ 3X 1013 cm '2 
annealed fo r  5s at 950 °C .
F i g u r e  6 9  s h o w s  t h e  I - V  c h a r a c t e r i s t i c s  w h e n  t h e  d e t e c t o r s  a r e  r e v e r s e  b i a s e d  w i t h  
b i a s i n g  a n y  g u a r d - r i n g .  T h e  m e a s u r e m e n t  s c h e m a t i c  i s  a c c o r d i n g  t o  F i g u r e  6 3 .
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A g a i n  a l l  t h e  d e v i c e s  w i t h  3 g u a r d - r i n g s  e x h i b i t  h i g h e r  l e a k a g e  c u r r e n t  t h a n  t h e  
d e v i c e s  w i t h  2  g u a r d - r i n g s .  A l s o  b y  b i a s i n g  t h e  i n n e r m o s t  g u a r d - r i n g ,  t h e  l e a k a g e  
c u r r e n t  o n  a l l  t h e  d e v i c e s  w i t h  2  g u a r d - r i n g s  h a s  b e e n  s u p p r e s s e d  t o  1 0  p A  a n d  
s t a b i l i s e d  a r o u n d  t h i s  v a l u e .
F igu re 69: Th e  leakage current w ith  biasing the innerm ost guard-ring fo r  the section o f  w a fe r  1 
w here the region under the contact on the active-area was im planted w ith  2 k eV  B+ 3X 1013 cm"2 
annealed fo r  5s at 950 °C .
6.3.2 Batch 2 - Section of W afer 1 Implanted with an Additional 10 
keV B+ 2 x l0 14 cm'2 Annealed for 5s at 950 °C
T h e  f o l l o w i n g  r e s u l t s  a r e  f o r  t h e  h a l f  o f  w a f e r  1 w h e r e  t h e  r e g i o n  u n d e r  t h e  c o n t a c t  o n
t h e  a c t i v e - a r e a  w a s  i m p l a n t e d  w i t h  a n  a d d i t i o n a l  1 0  k e V  B + 2  x  1 0 14 c m '2, t i l t = 7 °  a n d  
r o t a t i o n = 2 2 ° .
F i g u r e  7 0  s h o w s  t h e  I - V  c h a r a c t e r i s t i c s  w h e n  t h e  d e t e c t o r s  a r e  r e v e r s e  b i a s e d  w i t h o u t  
b i a s i n g  a n y  g u a r d - r i n g .
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S i m i l a r  t o  t h e  B a t c h  1 e l e c t r i c a l  m e a s u r e m e n t s ,  d e v i c e s  w i t h  3 g u a r d - r i n g s  y i e l d  a  
h i g h e r  l e a k a g e  c u r r e n t  t h a n  d e v i c e s  w i t h  2  g u a r d - r i n g s .
F igu re 70: Th e  leakage current w ithout biasing any guard-ring  fo r  the section o f  w a fe r  1 w here 
the region under the contact on the active-area was im planted w ith 10 keV  B+ 2X 1014 cm '2 
annealed fo r  5s at 950 °C .
F i g u r e  7 1  s h o w s  t h e  l e a k a g e  c u r r e n t  w h e n  t h e  a c t i v e - a r e a  a n d  t h e  i n n e r m o s t  g u a r d -  
r i n g  a r e  r e v e r s e  b i a s e d .
B y  b i a s i n g  t h e  i n n e r m o s t  g u a r d - r i n g ,  t h e  l e a k a g e  c u r r e n t  h a s  b e e n  r e d u c e d  f o r  a l l  t h e  
d e v i c e s  w i t h  2  g u a r d - r i n g s  a n d  d e v i c e s  1 a n d  4  w i t h  3  g u a r d - r i n g s .
118
1.0E-32
1.0E-03
1.0E-3^
< l.Ub-Jb
c01 1.0E-36<
3u 1.0E-3701oorc 1.0F-38
rcIXl 1.0E-D9
1.0E-10
1.0E-11
1.0E-12
The leakage current with biasing the guard-ring 
Anode's contact implantation lOkeV B 2e 14; annealed for5s@ 950C
F igu re 71: Th e leakage current w ith  biasing the innerm ost guard-ring fo r  the section o f  w a fe r  1 
w h ere the region under the contact on the active-area was im planted w ith  10 keV  B+ 2X 1014 cm"2 
annealed fo r  5s at 950 °C .
6.3.3 Batch 3 — Section of W afer 2 Implanted with 2 keV B+3 x l0 13 
cm"2 Annealed for 10s at 850 °C
T h e  f o l l o w i n g  r e s u l t s  a r e  f o r  t h e  h a l f  o f  w a f e r  2  w h e r e  t h e  r e g i o n  u n d e r  t h e  c o n t a c t  o n  
t h e  a c t i v e - a r e a  w a s  i m p l a n t e d  w i t h  2  k e V  B + 3  x  1 0 13 c m '2, t i l t = 7 °  a n d  r o t a t i o n = 2 2 ° .
F i g u r e  7 2  s h o w s  t h e  I - V  c h a r a c t e r i s t i c s  w h e n  t h e  d e v i c e s  a r e  r e v e r s e  b i a s e d  w i t h o u t  
b i a s i n g  a n y  g u a r d - r i n g .
D e t e c t o r s  1 t o  4  ( w i t h  3 g u a r d - r i n g s )  t h a t  d i s p l a y e d  a  h i g h  l e a k a g e  c u r r e n t  i n  b a t c h e s  
1 a n d  2  a l s o  y i e l d e d  h i g h  l e a k a g e  c u r r e n t  i n  b a t c h  3 .  D e t e c t o r s  5  t o  9  ( w i t h  2  g u a r d -  
r i n g s )  e x h i b i t  l o w e r  l e a k a g e  c u r r e n t  t h a n  t h e  c o r r e s p o n d i n g  d e v i c e s  i n  b a t c h e s  1 a n d  
2 .
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F igure 72: Th e  leakage current w ithout biasing any guard-ring  fo r  the section o f  w a fe r  2 w here 
the region under the contact on the active-area was im planted w ith 2 keV  B+ 3 X 1013 cm '2 
annealed fo r  10s at 850 °C .
F i g u r e  7 3  s h o w s  t h e  l e a k a g e  c u r r e n t  w h e n  t h e  a c t i v e - a r e a  a n d  t h e  i n n e r m o s t  g u a r d -  
r i n g  a r e  r e v e r s e  b i a s e d .
F i g u r e  7 3  s h o w s  t h a t  t h e  l e a k a g e  c u r r e n t  f o r  t h e  d e v i c e s  w i t h  3 g u a r d - r i n g s  h a s  b e e n  
r e d u c e d  t o  t h e  s a m e  l e v e l  a s  f o r  d e v i c e s  w i t h  2  g u a r d - r i n g s .
H o w e v e r ,  d e v i c e s  2  a n d  4  ( w i t h  3 g u a r d - r i n g s )  h a v e  a  b r e a k d o w n  a r o u n d  3 0  V .
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F igu re 73: Th e  leakage current w ith  biasing any guard-ring  fo r  the section o f  w a fe r  2 w here the 
region under the contact on the active-area was im planted w ith 2 keV  B+ 3X 1013 cm '2 annealed 
fo r  10s at 850 °C .
6.3.4 Batch 4 -  Section of W afer 2 Implanted with an Additional 10 
keV B+’2 x l0 14 cm"2 Annealed for 10s at 850 °C
T h e  f o l l o w i n g  r e s u l t s  a r e  f o r  t h e  h a l f  o f  w a f e r  2  w h e r e  t h e  r e g i o n  u n d e r  t h e  c o n t a c t  o n
t h e  a c t i v e - a r e a  w a s  i m p l a n t e d  w i t h  a n  a d d i t i o n a l  1 0  k e V  B + 2  x  1 0 14 c m '2, t i l t = 7 °  a n d  
r o t a t i o n = 2 2 ° .
F i g u r e  7 4  s h o w s  t h e  I - V  c h a r a c t e r i s t i c s  w h e n  t h e  d e v i c e s  a r e  r e v e r s e  b i a s e d  w i t h o u t  
b i a s i n g  a n y  g u a r d - r i n g .  S i m i l a r l y  t o  t h e  t h r e e  p r e v i o u s  b a t c h e s ,  d e v i c e s  1 t o  4  w i t h  3 
g u a r d - r i n g s  e x h i b i t  h i g h e r  l e a k a g e  c u r r e n t  t h a n  d e v i c e s  5  t o  9  w i t h  2  g u a r d - r i n g s .
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Figu re 74: Th e  leakage current w ithout biasing any guard-ring  fo r  the section o f  w a fe r  2 where 
the region under the contact on the active-area was im planted w ith 10 keV  B+ 2X 1014 cm '2 
annealed fo r  10s at 850 °C .
F i g u r e  7 5  s h o w s  t h e  l e a k a g e  c u r r e n t  w h e n  t h e  a c t i v e - a r e a  a n d  t h e  i n n e r m o s t  g u a r d -  
r i n g  a r e  r e v e r s e  b i a s e d .
T h e  l e a k a g e  c u r r e n t  o n  d e v i c e s  1 a n d  3 h a s  b e e n  r e d u c e d  b y  b i a s i n g  t h e  i n n e r  g u a r d -  
r i n g .
D e v i c e s  2  a n d  4  b r e a k  d o w n ,  a s  w a s  t h e  c a s e  f o r  t h e  s a m e  d e v i c e s  i n  b a t c h  3 .  T h e  
b r e a k d o w n ,  h o w e v e r ,  o c c u r r e d  e a r l i e r ,  a t  a r o u n d  2 5  V .
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F igu re 75: Th e  leakage current w ith  biasing any gu ard-ring  fo r  the section o f  w a fe r  2 w here the 
region under the contact on the active-area was im planted w ith  10 keV  B+ 2X 1014 cm '2 annealed 
fo r  10s at 850 °C .
6.3.5 Batches 1-4 - 1mm2 Pin-diode Detectors with 2 Guard-rings
A l l  o f  t h e  1 m m  p i n - d i o d e  d e t e c t o r s  w i t h  2  g u a r d - r i n g s  h a d  v e r y  s i m i l a r  
c h a r a c t e r i s t i c s ;  l i k e w i s e ,  a l l  o f  t h e  1 m m 2 p i n - d i o d e  d e t e c t o r s  w i t h  3 g u a r d - r i n g s  
s h o w e d  a l m o s t  t h e  s a m e  r e s u l t .  F o r  t h i s  r e a s o n ,  t h i s  t h e s i s  w i l l  o n l y  d e s c r i b e  t h e  
c h a r a c t e r i s t i c s  o f  o n e  i n s t a n c e  o f  a  1 m m 2 p i n - d i o d e  d e t e c t o r  w i t h  2  g u a r d - r i n g s  a n d  
o n e  i n s t a n c e  o f  a  1 m m  p i n - d i o d e  d e t e c t o r  w i t h  3 g u a r d - r i n g s .
2 #
T h e  1 m m  p i n - d i o d e  d e t e c t o r  w i t h  2  g u a r d - r i n g s  b e l o w ,  w a s  t a k e n  f r o m  b a t c h  4 ,
w h e r e  t h e  c o n t a c t  r e g i o n  o n  t h e  a c t i v e - a r e a  w a s  i m p l a n t e d  w i t h  a n  a d d i t i o n a l  1 0  k e V  
B + 2  x  1 0 14 c m '2, t i l t = 7 °  a n d  r o t a t i o n = 2 2 ° .
F i g u r e  7 6  s h o w s  t h e  l e a k a g e  c u r r e n t  w i t h o u t  b i a s i n g  t h e  g u a r d - r i n g  f o r  t h e  1 m m 2 p i n -  
d i o d e  d e t c t o r  w i t h  2  g u a r d - r i n g s .
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Figure 76: The leakage current w ithout biasing the guard-ring  fo r  the lm m 2 pin-d iode detector 
w ith 2 guard-rings.
F i g u r e  7 7  s h o w s  t h e  l e a k a g e  c u r r e n t  f o r  t h e  l m m 2 p i n - d i o d e  d e t e c t o r  w i t h  2  g u a r d -  
r i n g s  w i t h  b i a s i n g  t h e  i n n e r m o s t  g u a r d - r i n g .
T h e  l e a k a g e  c u r r e n t  h a s  r e d u c e d  b y  2  o r d e r s  o f  m a g n i t u d e  b y  b i a s i n g  t h e  g u a r d - r i n g .  
T h i s  m e a n s  t h a t  t h e  u n b i a s e d  g u a r d - r i n g s  c o n t r i b u t e  t o  t h e  l e a k a g e - c u r r e n t  b y  2  o r d e r  
o f  m a g n i t u e s .
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F igu re 77: Th e leakage current w ith  biasing the gu ard-ring  fo r  the 1mm2 pin-d iode detector w ith 
2 guard-rings.
2 • •6.3.6 Batches 1-4 - 1mm" Pin-diode Detectors with 3 Guard-rings
j  '
F o r  t h e  1 m m -  p i n - d i o d e  d e t e c t o r  w i t h  3  g u a r d - r i n g s ,  t h e  d e t e c t o r  b e l o w  w a s  t a k e n  
f r o m  b a t c h  2 ,  w h e r e  t h e  c o n t a c t  r e g i o n  o n  t h e  a c t i v e - a r e a  w a s  i m p l a n t e d  w i t h  a n  
a d d i t i o n a l  1 0  k e V  B + 2 x  1 0 14 c m '2, t i l t = 7 °  a n d  r o t a t i o n = 2 2 ° .
F i g u r e  7 6  s h o w s  t h e  l e a k a g e  c u r r e n t  w i t h o u t  b i a s i n g  t h e  g u a r d - r i n g  f o r  t h e  1 m m 2 p i n -  
d i o d e  d e t e c t o r  w i t h  3 g u a r d - r i n g s .
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F igu re 78: The leakage current w ithout biasing the guard-ring  fo r  the lm m 2 pin-d iode detector 
w ith 3 guard-rings.
F i g u r e  7 9  s h o w s  t h e  l e a k a g e  c u r r e n t  w i t h  b i a s i n g  t h e  i n n e r  g u a r d - r i n g  f o r  t h e  l m m 2 
p i n - d i o d e  d e t e c t o r  w i t h  3  g u a r d - r i n g s .
A s  f o r  t h e  l m m 2 p i n - d i o d e  d e t e c t o r  w i t h  2  g u a r d - r i n g s ,  t h e  l e a k a g e  c u r r e n t  r e d u c e s  b y  
2  o r d e r s  o f  m a g n i t u d e  w h e n  t h e  i n n e r  g u a r d - r i n g  w a s  b i a s e d .  T h i s  i n d i c a t e s  t h a t  t h e  
u n b i a s e d  g u a r d - r i n g s '  c o n t r i b u t i o n  t o  t h e  l e a k a g e  c u r r e n t  h a s  b e e n  e l i m i n a t e d  b y  
b i a s i n g  t h e  i n n e r  g u a r d - r i n g .
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F igu re 79: Th e  leakage current w ith  biasing the gu ard-ring  fo r  the 1mm2 pin-d iode detector w ith 
3 guard-rings.
6 . 4  D e v i c e  C o m p a r i s o n
T h i s  s e c t i o n  a n a l y s e s  t h e  e f f e c t  o n  t h e  l e a k a g e  c u r r e n t  a n d  b r e a k d o w n  v o l t a g e  
r e s u l t i n g  f r o m  v a r i a t i o n s  i n  t h e  f o l l o w i n g  p a r a m e t e r s :
T h e  n u m b e r  o f  t h e  g u a r d - r i n g s .
D e v i c e s  w i t h  f l o a t i n g  g u a r d - r i n g s  a n d  d e v i c e s  w i t h  m e t a l  c o n t a c t s  o n  t h e  g u a r d -  
r i n g s .
D e e p  i m p l a n t a t i o n  u n d e r  t h e  a c t i v e - a r e a ’ s  c o n t a c t s .
D e v i c e s  w i t h  m e t a l  o r  o x i d e  l a y e r  o n  t h e  a c t i v e - a r e a .
D e v i c e s  w i t h  o r  w i t h o u t  t h e  n + l a y e r .
Devices with different areas.
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T h e  r e a s o n  b e h i n d  t h e  l e a k a g e  c u r r e n t s  a n d  t h e  b r e a k d o w n s  a r e  e x p l a i n e d  i n  s e c t i o n  
6 .5 .
6.4.1 Devices with a Different Number of Guard-rings
F o r  t h i s  p r o j e c t ,  d e v i c e s  w i t h  2  a n d  3  g u a r d - r i n g s  w e r e  m a n u f a c t u r e d  a n d  e x a m i n e d .
I n  t h i s  c h a p t e r ,  t h e  n u m b e r  o f  t h e  g u a r d - r i n g s  i s  a n a l y s e d  a n d  t h e  b e s t  d e v i c e  
c o n f i g u r a t i o n  i s  d e t e r m i n e d .
D e v i c e  2  a n d  d e v i c e  8  h a v e  t h e  s a m e  s t r u c t u r e  e x c e p t  f o r  t h e  n u m b e r  o f  t h e  g u a r d -  
r i n g s .  D e v i c e  2  h a s  3  g u a r d - r i n g s  a n d  d e v i c e  8 h a s  2  g u a r d - r i n g s .  T h e  g u a r d - r i n g s  a r e  
a l s o  c o v e r e d  w i t h  A l .
F i g u r e  8 0  s h o w s  t h e  c o m p a r i s o n  o f  l e a k a g e  c u r r e n t  w i t h o u t  b i a s i n g  a n y  g u a r d - r i n g  f o r  
d e v i c e s  w i t h  2  a n d  3  c o n t a c t e d  g u a r d - r i n g s  i n  t h e  s e c o n d  p r o c e s s i n g  r u n  b a t c h e s  1 t o
4 .  I t  s h o w s  t h a t  p i n - d i o d e s  w i t h  3  g u a r d - r i n g s  y i e l d  h i g h e r  l e a k a g e  c u r r e n t  t h a n  p i n -  
d i o d e s  w i t h  2  g u a r d - r i n g s .
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Comparison of leakage current without guard-ring bias for devices with 2 
and 3 metallised guard-rings
— Device 2=3 contacted guard rings Device 8=2 contacted guard rings
15 20 25
Voltage |V)
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Comparison of leakage current without guard-ring bias for devices with 2 
and 3 metallisedguard-rings
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Comparison of leakage current without guard-ring bias for devices with 2 
and 3 metallisedguard-rings
-Device 2=3 contacted guard-rings Device 8=2 contacted guard-rings
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1.0E-12
15 20 25
Voltage (V)
(Batch 3) (Batch  4)
F igu re 80: Com parison  o f  leakage current w ithout biasing any guard-ring  fo r  device  2 w ith 3 
guard-rings and device 8 w ith 2 guard-rings in batches 1 to 4.
D e v i c e  3 a n d  D e v i c e  9  b o t h  h a v e  t h e  s a m e  s t r u c t u r e  b u t  d e v i c e  3 h a s  2  g u a r d - r i n g s  
a n d  d e v i c e  9  h a s  2  g u a r d - r i n g s .  T h e s e  t w o  d e v i c e s  h a v e  a  d e e p  i m p l a n t a t i o n  u n d e r  t h e  
c o n t a c t  o n  t h e i r  a c t i v e - a r e a ,  w h i c h  d i s t i n g u i s h e s  t h e m  f r o m  t h e  o t h e r  d e v i c e s  w i t h  2  
a n d  3  g u a r d - r i n g s  e .g .  d e v i c e  2  a n d  d e v i c e  8  a b o v e .
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F i g u r e  81  s h o w s  t h e  c o m p a r i s o n  o f  l e a k a g e  c u r r e n t  w i t h o u t  b i a s i n g  a n y  g u a r d - r i n g  f o r  
d e v i c e s  w i t h  2  a n d  3 g u a r d - r i n g s  a n d  w i t h  a  d e e p  i m p l a n t a t i o n  u n d e r  a n o d e ’ s  c o n t a c t s  
i n  t h e  s e c o n d  p r o c e s s i n g  r u n  b a t c h e s  1 t o  4 .  I t  s h o w s  t h a t  p i n - d i o d e s  w i t h  3  g u a r d -  
r i n g s  y i e l d  h i g h e r  l e a k a g e  c u r r e n t  t h a n  p i n - d i o d e s  w i t h  2  g u a r d - r i n g s .
(Batch 1) (Batch 2)
Comparison of leakage current without guard-ring bias for devices with 2 
and 3 metallised guard-rings
•^ —Device 3=3 contacted guard-rings — Device 9=2 contacted guard-rings
1.0E-02
1.0E-03
1.0E12
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Voltage (V)
(Batch 3) (Batch 4)
Figure 81: Comparison of leakage current without biasing any guard-ring for device 3 with 3 
guard-rings and device 9 with 2 guard-rings in batches 1 to 4.
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6.4.2 Devices with a Different Number of Floating Guard-rings
D e v i c e s  1 a n d  7  h a v e  t h e  s a m e  s t r u c t u r e  w i t h  f l o a t i n g  g u a r d - r i n g s  b u t  t h e  d i f f e r e n c e  i s  
t h a t  d e v i c e  1 h a s  3  g u a r d - r i n g s  a n d  d e v i c e  7  h a s  2  g u a r d - r i n g s .
F i g u r e  8 2  s h o w s  t h e  c o m p a r i s o n  o f  l e a k a g e  c u r r e n t  w i t h o u t  b i a s i n g  a n y  g u a r d - r i n g  f o r  
d e v i c e s  w i t h  2  a n d  3  f l o a t i n g  g u a r d - r i n g s  i n  t h e  s e c o n d  p r o c e s s i n g  r u n  b a t c h e s  1 t o  4 .  
P i n - d i o d e s  w i t h  3 f l o a t i n g  g u a r d - r i n g s  y i e l d  h i g h e r  l e a k a g e  c u r r e n t  t h a n  p i n - d i o d e s  
w i t h  2  f l o a t i n g  g u a r d - r i n g s .
(Batch 1) (Batch 2)
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Comparison of leakage current without guard-ring bias for devices with 2 
and 3 floating guard-rings
— Device 1=3 floating guard-rings — Device 7=2 floating guard-rings
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Voltage (V)
Comparison of leakage current without guard-ring bias for devices with 2 
and 3 floating guard-rings
— Device 1=3 floating guard-rings — Device 7=2 floating guard-rings
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Figure 82: Comparison of leakage current without biasing any guard-ring for device 1 with 3 
floating guard-rings and device 7 with 2 floating guard-rings in batch 1 to batch 4.
6.4.3 Comparing Devices with Floating Guard-rings and Devices with 
Metal Contacts on the Guard-rings
D e v i c e  1 a n d  d e v i c e  3 b o t h  h a v e  3  g u a r d - r i n g s  a n d  t h e  s a m e  s t r u c t u r e  b u t  t h e  g u a r d -  
r i n g s  i n  d e v i c e  1 a r e  f l o a t i n g  a n d  i n  d e v i c e  3 t h e y  h a v e  a  l a y e r  o f  m e t a l  c o n t a c t  o n  t o p .
F i g u r e  8 3  s h o w s  t h e  c o m p a r i s o n  o f  l e a k a g e  c u r r e n t  w i t h o u t  b i a s i n g  a n y  g u a r d - r i n g  f o r  
d e v i c e s  w i t h  3 f l o a t i n g  a n d  c o n t a c t e d  g u a r d - r i n g s  i n  t h e  s e c o n d  p r o c e s s i n g  r u n  
b a t c h e s  1 t o  4 .  P i n - d i o d e s  w i t h  3 f l o a t i n g  g u a r d - r i n g s  e x h i b i t  l o w e r  l e a k a g e  c u r r e n t  
t h a n  p i n - d i o d e s  w i t h  3 A l  c o v e r e d  g u a r d - r i n g s .
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Comparison of leakage current without guard-ring bias for deviceswlth 
metallised and floating guard-rings
—  Device 1=3 floatingguard-rings 
1.0E-02
•Device 3=3 contacted guard-rings
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F igu re 83: Com parison  o f  leakage current w ithout biasing any guard-ring  fo r  device  1 w ith 3 
floating  guard-rings and device 3 w ith  3 m etal contacted guard-rings in batch 1 to batch 4.
D e v i c e  7  a n d  d e v i c e  9  h a v e  b o t h  2  g u a r d - r i n g s  a n d  t h e  s a m e  s t r u c t u r e  b u t  t h e  g u a r d -  
r i n g s  i n  d e v i c e  7  a r e  f l o a t i n g  a n d  i n  d e v i c e  9  t h e y  h a v e  m e t a l  c o n t a c t s  o n  t o p .
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F i g u r e  8 4  s h o w s  t h e  c o m p a r i s o n  o f  l e a k a g e  c u r r e n t  w i t h o u t  b i a s i n g  a n y  g u a r d - r i n g  f o r  
d e v i c e s  w i t h  2  f l o a t i n g  a n d  c o n t a c t e d  g u a r d - r i n g s  i n  t h e  s e c o n d  p r o c e s s i n g  r u n  
b a t c h e s  1 t o  4 .
Comparison of leakage current without guard-ring bias for devices with 
metallised and floating guard-rings
• Device 7=2 floating guard-rings ■Device 9=2 contacted guard-rings
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F igu re 84: Com parison  o f  leakage curren t w ithout biasing any guard-ring  fo r  device  7 w ith 2 
floating  guard-rings and device 9 w ith  2 m etal contacted guard-rings in batch 1 to batch 4.
134
Lea
kae
 C
urr
ent
 (A
)
6.4.4 Comparing Devices with an Oxide Layer or Metal Contact on 
the Active-area
D e v i c e  5  a n d  d e v i c e  8  a r e  s i m i l a r ,  b o t h  w i t h  2  g u a r d - r i n g s  a n d  a  s h a l l o w  i m p l a n t a t i o n  
u n d e r  t h e  a n o d e ’ s  c o n t a c t .  T h e  o n l y  d i f f e r e n c e  i s  t h a t  d e v i c e  5  h a s  a  t h i n  l a y e r  ( 1 0  n m  
)  o f  o x i d e  o n  t h e  a c t i v e - a r e a  w h i l e  d e v i c e  8 ’ s  a c t i v e - a r e a  i s  c o v e r e d  w i t h  A l S i  1 % .
F i g u r e  8 5  s h o w s  t h e  c o m p a r i s o n  o f  l e a k a g e  c u r r e n t  w i t h o u t  b i a s i n g  a n y  g u a r d - r i n g  f o r  
d e v i c e s  w i t h  m e t a l l i s e d  ( d e v i c e  8 )  a n d  o x i d i s e d  ( d e v i c e  5 )  a c t i v e - a r e a  i n  t h e  s e c o n d  
p r o c e s s i n g  r u n  b a t c h e s  1 t o  4 .
D e v i c e s  w i t h  o x i d i s e d  a c t i v e - a r e a  y i e l d  l o w e r  l e a k a g e  c u r r e n t  t h a n  d e v i c e s  w i t h  
m e t a l l i s e d  a c t i v e - a r e a .
(Batch 1) (Batch 2)
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Figure 85: Comparison of leakage current without biasing any guard-ring for device 5 with an 
oxide layer on the active-area and device 8 with a metal layer on the active-area in batch 1 to 
batch 4.
D e v i c e  6  a n d  d e v i c e  9  a r e  s i m i l a r ,  b o t h  w i t h  2  g u a r d - r i n g s  a n d  d e e p  i m p l a n t a t i o n  
u n d e r  t h e  a n o d e ’ s  c o n t a c t .  T h i s  d e e p  i m p l a t a t i o n  r e g i o n  d i s t i n g u i s h e s  t h e s e  d e v i c e s  
f r o m  d e v i c e  5 a n d  8  m e n t i o n e d  a b o v e . T h e  o n l y  d i f f e r e n c e  b e t w e e n  d e v i c e  6  a n d  9  i s  
t h a t  d e v i c e  6  h a s  a n  o x i d e  l a y e r  ( 1 0  n m )  o n  t h e  a c t i v e - a r e a  w h i l e  d e v i c e  9 ’ s  a c t i v e -  
a r e a  i s  c o v e r e d  w i t h  a  t h i n  l a y e r  o f  A l S i  1 % .
F i g u r e  8 6  s h o w s  t h e  c o m p a r i s o n  o f  l e a k a g e  c u r r e n t  w i t h o u t  b i a s i n g  a n y  g u a r d - r i n g  f o r  
d e v i c e s  w i t h  o x i d i s e d  a n d  m e a l l i s e d  a c t i v e - a r e a  i n  t h e  s e c o n d  p r o c e s s i n g  r u n  b a t c h e s  
1 t o  4 .  p i n - d i o d e s  w i t h  a n  o x i d e  l a y e r  o n  t h e  a c t i v e - a r e a  y i e l d  a  l o w e r  l e a k a g e  c u r r e n t  
t h a n  p i n - d i o d e s  w i t h  a n  A l  l a y e r  o n  t h e  a c t i v e - a r e a .
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Comparison of leakage current without guard-ring bias for devices with 
metallised and oxidised active-area
•Device 6=oxidised active-area -Device 9=metallised active-area
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Comparison of leakage current without guard-rlng bias for devices with 
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•Device 6=oxidised active-area •Device 9=metallised active-area
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Figure 86: Comparison of leakage current without biasing any guard-ring for device 6 with an 
oxide layer on the anode and device 9 with a metal layer on the anode in batch 1 to batch 4.
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6.4.5 Analysing the Effect of Deep and Shallow Implantation under 
the Active-area’s Contact
D e v i c e  2  a n d  d e v i c e  3 h a v e  t h e  s a m e  s t r u c t u r e  a n d  n u m b e r  o f  t h e  g u a r d - r i n g s .  T h e  
o n l y  d i f f e r e n c e  b e t w e e n  t h e i r  s t r u c t u r e s  i s  t h a t  d e v i c e  2  h a s  a  s h a l l o w  i m p l a n t a t i o n  
u n d e r  t h e  a n o d e ’ s  c o n t a c t  ( 2  k e V  B + , 3  x  1 0 13 c m '2, t i l t = 7 °  a n d  r o t a t i o n = 2 2 ° )  w h i l e
d e v i c e  3 h a s  a  d e e p  i m p l a n t a t i o n  ( 1 0  k e V  B + , 2  x  1 0 14 c m '2, t i l t = 7 °  a n d  r o t a t i o n = 2 2 ° )  
in  t h i s  r e g i o n .
F i g u r e  8 7  s h o w s  t h e  c o m p a r i s o n  b e t w e e n  d e v i c e  2  a n d  d e v i c e  3 f o r  t h e  l e a k a g e  
c u r r e n t  i n  s e c o n d  p r o c e s s i n g  r u n  b a t c h e s  3 a n d  4 .  O n l y  t h e s e  t w o  b a t c h e s  w e r e  
i m p l a n t e d  w i t h  1 0  k e V  d e e p  i m p l a n t a t i o n .  P i n - d i o d e s  w i t h  3 g u a r d - r i n g s  a n d  a  d e e p  
i m p l a n t a t i o n  u n d e r  t h e  a c t i v e - a r e a 's  c o n t a c t  e x h i b i t  l o w e r  l e a k a g e  c u r r e n t  t h a n  p i n -  
d i o d e s  w i t h  3 g u a r d - r i n g s  b u t  s h a l l o w e r  i m p l a n t a t i o n  u n d e r  t h e  a c t i v e - a r e a 's  c o n t a c t .
(Batch 3) (Batch 4)
Figure 87: Comparison of leakage current without biasing any guard-ring for device 2 with 2 
keV B + implantation under the anode’s contact and device 3 with 10 keV B + implantation, in 
batch 3 and 4.
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D e v i c e  5 a n d  d e v i c e  6  h a v e  t h e  s a m e  s t r u c t u r e ;  b o t h  h a v e  2  g u a r d - r i n g s  a n d  h a v e  t h e  
a c t i v e - a r e a  c o v e r e d  w i t h  a n  o x i d e  l a y e r .  T h e  o n l y  d i f f e r e n c e  b e t w e e n  t h e i r  s t r u c t u r e s  
i s  t h a t  d e v i c e  5 h a s  b e e n  i m p l a n t e d  w i t h  a  s h a l l o w  i m p l a n t a t i o n  ( 2  k e V
£ + , 3  x  1 0 1' c m '2, t i l t = 7 °  a n d  r o t a t i o n = 2 2 ° )  u n d e r  t h e  a n o d e ’ s  c o n t a c t  w h i l e  t h i s  r e g i o n  
h a s  b e e n  i m p l a n t e d  w i t h  a n  a d d i t i o n a l  1 0  k e V  B + , 2  x  10 14 c m '2, t i l t = 7 °  a n d  
r o t a t i o n = 2 2 °  i n  d e v i c e  6 .
F i g u r e  8 8  s h o w s  t h e  l e a k a g e  c u r r e n t  f o r  d e v i c e  6  a n d  d e v i c e  5  i n  s e c o n d  p r o c e s s i n g  
r u n  b a t c h e s  3  a n d  4 .  P i n - d i o d e s  w i t h  2  g u a r d - r i n g s  a n d  a  d e e p  i m p l a n t a t i o n  u n d e r  t h e  
a c t i v e - a r e a 's  c o n t a c t  e x h i b i t  l o w e r  l e a k a g e  c u r r e n t  t h a n  p i n - d i o d e s  w i t h  2  g u a r d - r i n g s  
b u t  s h a l l o w e r  i m p l a n t a t i o n  u n d e r  t h e  a n o d e 's  c o n t a c t .
Comparison of leakage current without guard-ring bias for devices with a 
deep and a shallow im plantation under the active-area's contact
^ —Device 5=shallow implantation ^ —Device 6=deep implantation
10E-02 
1.0E-03 
l.Ot-04
0 5 10 15 in 25 30 .35 40
voltage (V)
Comparison of leakage current without guard-rlng bias for devices with a 
deep and a shallow implantation under the active-area's contact
— Device 5=shallow implantation ^Device 6=deep implantation
Anode's contact 
implantation lOkeV B 2el4; 
annealed for 10s §  850C
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Figure 88: Comparison of leakage current without biasing any guard-ring for device 5, with 2 
keV B + implantation under the anode’s contact and device 6 with 10 keV B + implantation in 
batch 3 and 4.
D e v i c e  8  a n d  d e v i c e  9  h a v e  b o t h  2  g u a r d - r i n g s  a n d  t h e  s a m e  s t r u c t u r e  w i t h  a  
m e t a l l i s e d  a n o d e  e x c e p t  f o r  t h e  r e g i o n  u n d e r  t h e  a n o d e ’ s  c o n t a c t .  D e v i c e  8  h a s  b e e n  
i m p l a n t e d  w i t h  2  k e V  B + , 3  x  1 0 L' c m '2, t i l t = 7 °  a n d  r o t a t i o n = 2 2 °  u n d e r  t h e  a n o d e ’ s
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c o n t a c t  w h i l e  t h i s  r e g i o n  h a s  b e e n  i m p l a n t e d  w i t h  a n  a d d i t i o n a l  1 0  k e V  B + ,
2  x  1 0 14 c m '2, t i l t = 7 °  a n d  r o t a t i o n = 2 2 °  i n  d e v i c e  9 .
F i g u r e  8 9  s h o w s  t h e  l e a k a g e  c u r r e n t  f o r  d e v i c e  8  a n d  9  i n  s e c o n d  p r o c e s s i n g  r u n  
b a t c h e s  3  a n d  4 .  P i n - d i o d e s  w i t h  2  g u a r d - r i n g s  a n d  a  m e t t a l i s e d  a n o d e  b u t  a  d e e p  
i m p l a n t a t i o n  u n d e r  t h e  a c t i v e - a r e a 's  c o n t a c t  e x h i b i t  l o w e r  l e a k a g e  c u r r e n t  t h a n  p i n -  
d i o d e s  w i t h  t h e  s a m e  s t r u c t u r e  b u t  s h a l l o w e r  i m p l a n t a t i o n  i n  t h i s  r e g i o n .
Comparison of leakage current without guard-ring bias for devices with a 
deep and a shallow implantattion under the active-area's contact
Device 8=shallow implantation -Device 9=deep implantation
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Figure 89: Comparison of leakage current without biasing any guard-ring for device 8 with 2 
keV B + implantation under the anode’s contact and device 9 with 10 keV B + implantation in 
batch 3 and 4.
6.4.6 Analysing the Effect o f the n+ Layer
D e v i c e  3 a n d  d e v i c e  4  a r e  s i m i l a r ,  b o t h  h a v e  3 g u a r d - r i n g s  b u t  d e v i c e  4  d o e s n ’t  h a v e  
a n  n + l a y e r  a t  t h e  e d g e .
F i g u r e  9 0  s h o w s  t h e  c o m p a r i s o n  o f  l e a k a g e  c u r r e n t  w i t h o u t  b i a s i n g  a n y  g u a r d - r i n g  f o r  
d e v i c e  3  w i t h  a n  n +  l a y e r  a n d  d e v i c e  4  w i t h o u t  a n  n +  l a y e r  i n  t h e  s e c o n d  p r o c e s s i n g  
r u n  b a t c h e s  1 t o  4 .
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D e v i c e  3 p r o v i d e s  l o w e r  l e a k a g e  c u r r e n t  t h a n  d e v i c e  4  w i t h o u t  a n  rV  l a y e r .  P i n - d i o d e s  
w i t h  a n  n + l a y e r  a t  t h e  e d g e  o f  t h e  d e v i c e  y i e l d  l o w e r  l e a k a g e  c u r r e n t  t h a n  p i n - d i o d e s  
w i t h o u t  a n  n + l a y e r .
Comparison of leakage current without guard-ring bias for devices with 
and without an n+ layer
■Device 3=with n+ layer ■Device 4=without n+ layer
Anode's contact
implantation 2keV B 3el3; 
annealed tor 5s @ 950C
15 20 25
Voltage (V)
Comparison of leakage current without guard-ring bias for devices with 
and without an nt layer
■Device 3=with n+ layer -Device 4=without n+ layer
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Figure 90: Comparison of leakage current without biasing any guard-ring for device 3 with an n+ 
layer and device 4 without an n+ layer in batch 1 to batch 4.
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6 . 4 . 7  A n a l y s i n g  t h e  A r e a ’ s  I m p a c t  o n  t h e  L e a k a g e  C u r r e n t
Figure 91 compares the leakage current with biasing the inner guard-ring for devices 
for two devices with the same structure but one with an active-area of 1 mm2 and the 
other with an active-area of 10 mm® The figure is split into two parts:
Part a) refences two devices with 2 guard-rings
Part b) references two devices with 3 guard-rings.
The result showed that devices with an active-area of 1 mm2 have about 1 order of 
magnitude lower leakage current than devices with an active-area of 10 mm2.
a) b)
Figure 91: Comparison of leakage current with biasing the inner guard-ring for devices with an 
active-area of 1 m m 2 and 10 m m 2 and a) 2 guard-rings b) 3 guard-rings.
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6 . 5  A n a l y s i s  o f  t h e  R e s u l t s
T h e  I - V  c h a r a c t e r i s t i c s  a b o v e  s h o w e d  t h a t  d e v i c e s  w i t h  2  g u a r d - r i n g s  h a v e  l o w e r  
l e a k a g e  c u r r e n t  t h a n  d e v i c e s  w i t h  t h e  s a m e  s t r u c t u r e  b u t  3  g u a r d - r i n g s .  T h e  
c o m p a r i s i o n  b e t w e e n  t h e  n u m b e r  o f  g u a r d - r i n g s  i n  d e v i c e s  w i t h  f l o a t i n g  g u a r d - r i n g s  
a l s o  s h o w e d  t h e  s a m e  r e s u l t .
T o  e x p l a i n  t h e  b e h a v i o u r  o f  I - V  c h a r a c t e r i s t i c s  a n d  t o  u n d e r s t a n d  w h y  t h e  l e a k a g e  
c u r r e n t  i s  h i g h e r  i n  t h e  d e v i c e s  w i t h  3 g u a r d - r i n g s  c o m p a r e d  t o  2  g u a r d - r i n g s ,  a n  
e x p l a n a t i o n  i s  n e e d e d  o f  w h e r e  t h e  l e a k a g e  c u r r e n t  o r i g i n a t e s  f r o m  a n d  h o w  t h e  
n u m b e r  o f  t h e  g u a r d - r i n g s  a f f e c t s  t h i s  l e a k a g e  c u r r e n t .
F i g u r e  9 2  s h o w s  t h e  l e a k a g e  c u r r e n t  c o m p o n e n t s  g e n e r a t e d  i n  a  p - i - n  j u n c t i o n  d e v i c e .  
T h e  t o t a l  l e a k a g e  c u r r e n t  I r  i s  a  s u m  o f  t h e  b u l k  l e a k a g e  c u r r e n t  c o m p o n e n t  I r b  
g e n e r a t e d  i n  t h e  b u l k  d e p l e t i o n  l a y e r  a n d  t h e  s u r f a c e  l e a k a g e  c u r r e n t  c o m p o n e n t  I r s  a t  
t h e  i n t e r f a c e  [ 1 2 2 ] .
PN junction Dielectric (SiOj) jayer.
a )  b )
Figure 92: Leakage current generated from a pin-diode [123].
T h e  s u r f a c e  l e a k a g e  c u r r e n t  i s  d o m i n a t e d  b y  t h e  b u l k  c o m p o n e n t  a t  l o w  a p p l i e d  
r e v e r s e  v o l t a g e  b u t  s o o n  a f t e r  i t  b e c o m e s  d o m i n a n t .  H i g h  l e v e l  o f  I r  i n  p - i - n  j u n c t i o n  
d e v i c e s  i s  d u e  t o  t h e  I r s  c u r r e n t  [ 1 2 3 - 1 2 6 ] .
T o  c a s t  m o r e  l i g h t  o n  t h e  s u r f a c e  l e a k a g e  c u r r e n t ,  t h i s  p h e n o m e n o n  i s  e x p l a i n e d  i n  t h e  
f i g u r e  b e l o w .
^  Semiconductor I
N +
i unction Dielectric
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F i g u r e  9 3  s h o w s  a  s c h e m a t i c  v i e w  o f  t h e  l o n g i t u d i n a l  c r o s s - s e c t i o n  o f  a  p i n - d i o d e  
[ 6 2 ] .
M o s t  o f  t h e  s u r f a c e  l e a k a g e  c u r r e n t  o r i g i n a t e s  i n  t h e  v i c i n i t y  o f  t h e  i - p  b o u n d a r y ,  in
Figure 93: Model for the generation of surface currents on a pin-diode [62].
T h e  s u d d e n  i n c r e a s e  i n  t h e  l e a k a g e  c u r r e n t  a n d  t h e  a b r u p t  b r e a k d o w n  v o l t a g e  i n  t h e  
d e v i c e s  m a n u f a c t u r e d  f o r  t h i s  p r o j e c t  i s  d u e  t o  t h e  h i g h  s u r f a c e  l e a k a g e  c u r r e n t .  A  
v a r i a t i o n  f r o m  d e v i c e  t o  d e v i c e  o f  t h e  m e a s u r e d  l e a k a g e  c u r r e n t  c a n  b e  a t t r i b u t e d  t o  
t h e i r  u n i q u e  s u r f a c e  l e a k a g e  c u r r e n t  [ 1 2 7 ] .
F i g u r e  9 4  i l l u s t r a t e s  t h e  u s e  o f  t h e  g u a r d - r i n g s .  T h e  i n s u l a t o r  w h i c h  i s  t h e  o x i d e  i s  
s e g m e n t e d  i n t o  t w o  p a r t s ,  o n e  p a r t  s e p a r a t i n g  t h e  c o n d u c t i n g  g u a r d - r i n g  f r o m  t h e  
n e g a t i v e  e l e c t r o d e  a n d  t h e  o t h e r  p a r t  s e p a r a t i n g  i t  f r o m  t h e  p o s i t i v e  e l e c t r o d e .  M o s t  o f  
t h e  v o l t a g e  d r o p  o c c u r s  a c r o s s  t h e  o u t e r  s e g m e n t  i n  w h i c h  t h e  r e s u l t i n g  l e a k a g e  
c u r r e n t  d o e s  n o t  p a s s  t h r o u g h  t h e  m e a s u r i n g  i n s t r u m e n t .  T h e  v o l t a g e  d r o p  a c r o s s  t h e  
i n n e r  s e g m e n t  i s  o n l y  t h e  v o l t a g e  d i f f e r e n c e  a c r o s s  t h e  A m p - m e t e r  t e r m i n a l s  a n d  c a n  
b e  v e r y  s m a l l .  T h e r e f o r e  t h e  c o m p o n e n t  o f  l e a k a g e  c u r r e n t  w h i c h  i s  a d d e d  t o  t h e  
s i g n a l  i s  g r e a t l y  r e d u c e d  c o m p a r e d  w i t h  t h e  c a s e  w i t h o u t  t h e  g u a r d - r i n g  [ 1 8 ] .  B y
t h e  r e g i o n  l a b e l e d  “ b r e a k d o w n  r e g i o n ” . E n  i s  t h e  i n t e r n a l  e l e c t r i c  f i e l d  n o r m a l  t o  t h e  
s u r f a c e .
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h a v i n g  t h e  i n n e r m o s t  g u a r d - r i n g  b i a s e d  a t  t h e  s a m e  p o t e n t i a l  a s  t h e  a c t i v e - a r e a ,  o n e  
c a n  s e p a r a t e  t h e  l e a k a g e  c u r r e n t  t h a t  g o e s  t h r o u g h  t h e  g u a r d - r i n g ,  f r o m  t h e  b u l k  
l e a k a g e  c u r r e n t  ( a c t i v e - a r e a ’ s  l e a k a g e  c u r r e n t ) .
Figure 94: A  cross section view of one end of cylindrical ion chamber that utilizes guard-ring 
construction [18].
G u a r d - r i n g  s t r u c t u r e s  h a v e  b e e n  w i d e l y  u s e d  i n  b o t h  p h o t o  a n d  r a d i a t i o n  d e t e c t o r s .  A s  
d i s c u s s e d  i n  c h a p t e r  4 .8  ( G u a r d - r i n g s  d e s i g n ) ,  t h e  r o l e  o f  t h e  g u a r d - r i n g  i s  t o  r e l a x  t h e  
e l e c t r i c a l  f i e l d  a t  t h e  p e r i p h e r y  o f  t h e  p - n  j u n c t i o n  ( t h e  e d g e  o f  t h e  a n o d e )  a n d  t o  
p r e v e n t  t h e  b r e a k d o w n  f r o m  o c c u r r i n g  e a r l y .  W h e n  p l a c i n g  t h e  g u a r d - r i n g s ,  t h e  
e l e c t r i c  f i e l d  a c t u a l l y  d i v i d e s  b e t w e e n  t h e m  [ 1 2 8 - 1 3 1 ] .
M a n y  g u a r d - r i n g s  a r e  f a v o u r a b l e  t o  a c h i e v i n g  a  h i g h  b r e a k d o w n  v o l t a g e ,  b e c a u s e  t h e  
l a r g e  n u m b e r  o f  d i v i s i o n s  o f  t h e  p o t e n t i a l  a l o n g  t h e  s u r f a c e  b y  m a n y  g u a r d - r i n g s  w i l l  
r e d u c e  t h e  m a x i m u m  e l e c t r i c  f i e l d  a t  t h e  e d g e  o f  t h e  a n o d e  b u t  a n  o p t i m a l  n u m b e r  o f  
g u a r d - r i n g s  e x i s t .  T h i s  d e p e n d s  o n  t h e  d i s t a n c e  a v a i l a b l e  f o r  t h e  g u a r d - r i n g s ,  b e t w e e n  
t h e  a c t i v e -  a r e a  a n d  t h e  n + l a y e r .
T h e  b r e a k d o w n  v o l t a g e  i s  s e n s i t i v e  t o  t h e  d i s t a n c e  b e t w e e n  t h e  i n n e r m o s t  g u a r d - r i n g  
a n d  t h e  a n o d e ,  t h e  o u t e r m o s t  g u a r d - r i n g  a n d  t h e  n + l a y e r ,  t h e  d i s t a n c e  b e t w e e n  t h e  
g u a r d - r i n g s ,  t h e i r  w i d t h s  a n d  a l s o  j u n c t i o n  c u r v a t u r e .
D e v i c e s  w i t h  2  g u a r d - r i n g s  e x h i b i t  l o w e r  l e a k a g e  c u r r e n t  t h a n  t h e  d e v i c e s  w i t h  3 
g u a r d - r i n g s ,  a s  s h o w n  i n  t h e  I - V  c h a r a c t e r i s t i c s .  T h e  s i m u l a t i o n  r e s u l t s  w e  p r o d u c e d  
u s i n g  S i l v a c o  s h o w  t h a t  b o t h  d e v i c e s  w i t h  2  a n d  3  g u a r d - r i n g s  g e n e r a t e  t h e  s a m e  
l e a k a g e  c u r r e n t  b u t  t h e  b r e a k d o w n  v o l t a g e  f o r  t h e  d e v i c e s  w i t h  3 g u a r d - r i n g s  i s  h i g h e r  
t h a n  t h e  d e v i c e s  w i t h  2  g u a r d - r i n g s  ( s e e  c h a p t e r  4 . 8 ) .
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T h e  d i s c r e p a n c y  i s  a  r e s u l t  o f  t h e  s i m p l i f i e d  w a y  i n  w h i c h  t h e  S i l v a c o  A t l a s  t o o l  
p r o c e s s e s  d e v i c e s .  A t l a s  t a k e s  a  2 - d i m e n s i o n a l  c r o s s - s e c t i o n  o f  t h e  d e v i c e  t h a t  d o e s  
n o t  t a k e  i n t o  a c c o u n t  l e s s  s i m p l e  3 - d i m e n s i o n a l  c o n t a c t  s h a p e s .
P l a c i n g  t h e  c o n t a c t s  o f  3  g u a r d - r i n g s  o n  a  p h y s i c a l  d e v i c e  i n  t h e  m a n n e r  t h a t  A t l a s  
u s e d  f o r  i t s  s i m u l a t i o n  ( e a c h  g u a r d - r i n g  h a v i n g  a  s m a l l  w i d t h  a n d  w i t h  a  v e r y  s h o r t  
d i s t a n c e  b e t w e e n  t h e  g u a r d - r i n g s )  w o u l d  h a v e  m a d e  b i a s i n g  t h e  g u a r d - r i n g s  v e r y  
d i f f i c u l t .
F o r  t h i s  r e a s o n ,  t h e  p l a c e m e n t  o f  c o n t a c t s  f o r  d e v i c e s  w i t h  3 g u a r d - r i n g s  w a s  m o r e  
c o m p l e x  t h a n  t h e  p l a c e m e n t  o f  c o n t a c t s  f o r  d e v i c e s  w i t h  2  g u a r d - r i n g s .  S e e  F i g u r e  9 5 .
T h e  w a y  i n  w h i c h  t h e  c o n t a c t s  a r e  p l a c e d  o n  d e v i c e s  w i t h  3 g u a r d - r i n g s  l e a d s  t o  a  
l a r g e  a n d  c o m p l e x  e x t e n s i o n  o f  t h e  l a t e r a l  d e p l e t i o n  r e g i o n  a l o n g  t h e  s u r f a c e  a n d  
c a u s e s  a  l a r g e  s u r f a c e  g e n e r a t i o n  c u r r e n t  a n d  h e n c e  a  h i g h e r  l e a k a g e  c u r r e n t  [ 1 3 2 ] ,  
e x p l a i n i n g  t h e  r e s u l t s  w e  o b s e r v e d  w i t h  t h e  m a n u f a c t u r e d  d e v i c e s .
F i g u r e  9 5  s h o w s  t h e  l a y o u t s  o f  t h e  c o n t a c t s  o n  t h e  g u a r d - r i n g s  f o r  d e v i c e s  w i t h  2  a n d  
3 g u a r d - r i n g s  r e s p e c t i v e l y  u s i n g  t h e  S i l v a c o  E x p e r t  t o o l .  T h e  c o n t a c t s  o n  t h e  3 g u a r d -  
r i n g s  a r e  e x t e n d i n g  o u t  f r o m  t h e  g u a r d - r i n g s  i n s i d e  a  s p a c e  d e d i c a t e d  t o  t h e m  i n  t h e  n + 
l a y e r  r e g i o n .
Figure 95: An image of the contact mask on the guard-rings in Silvaco Expert Layout Editor a) 
A  device with 2 guard-rings. b) A  device with 3 guard-rings.
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T h e  b r e a k d o w n  v o l t a g e  i s  s e n s i t i v e  t o  t h e  d i s t a n c e  b e t w e e n  t h e  i n n e r m o s t  g u a r d - r i n g  
a n d  t h e  a n o d e ,  t h e  o u t e r m o s t  g u a r d - r i n g  a n d  t h e  n + l a y e r ,  t h e  d i s t a n c e  b e t w e e n  t h e  
g u a r d - r i n g s ,  a n d  a l s o  t h e i r  w i d t h s .  W e  h a v e  o p t i m i s e d  t h e s e  d i s t a n c e s  f o r  t h e  h i g h e s t  
b r e a k d o w n  v o l t a g e  b y  u s i n g  S i l v a c o  s i m u l a t i o n  t o o l s  a n d  a l s o  c u r v e d  t h e  c o m e r  o f  t h e  
P + i m p l a n t e d  r e g i o n s  ( t h e  a c t i v e - a r e a  a n d  t h e  g u a r d - r i n g s ) .  S h a r p  c o m e r s  m a k e  t h e  
e l e c t r i c  f i e l d  i n  t h e  c o m e r s  h i g h e r  a n d  c a u s e  a n  e a r l y  b r e a k d o w n .  P r e v i o u s  r e s e a r c h
[ 1 3 3 ]  h a s  r e v e a l e d  n o  s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  e l e c t r i c a l  p e r f o r m a n c e  o f  t h e  
d e v i c e s  w i t h  d i f f e r e n t  c u r v a t u r e  o f  t h e  i m p l a n t e d  c o m e r s ,  a s  l o n g  a s  a  m o d e r a t e  
c u r v a t u r e  o f  t h e  c o m e r s  e x i s t s .  J u n c t i o n  c u r v a t u r e  s t r o n g l y  a f f e c t s  t h e  b r e a k d o w n  
v o l t a g e .
F i g u r e  9 6  a n d  F i g u r e  9 7  s h o w  t h e  c u r v a t u r e  o f  d e v i c e  w i t h  2  a n d  3  g u a r d - r i n g s  
r e s p e c t i v e l y  i n  S i l v a c o  E x p e r t  L a y o u t  E d i t o r  a n d  a l s o  t h e  d i m e n s i o n  o f  t h e  n + l a y e r ,  
t h e  g u a r d - r i n g s  a n d  t h e  d i s t a n c e s  b e t w e e n  t h e m .
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Figure 96: A  detector’s mask with 2 guard-rings in Expert Layout Editor showing the corner of 
the guard-rings, the dimension of the n+ layer, guard rings and the distances between them.
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n e r g e  s e l e c t i o n :
Figure 97: An image of the mask of the device with 3 guard-rings in Expert Layout Editor 
showing the corner of the guard-rings and also the dimension of the n+ layer, the guard-rings and 
the distances between them.
S i n c e  t h e  b r e a k d o w n  f i e l d  i n  t h e  o x i d e  i s  h i g h e r  t h a n  a v a l a n c h e  b r e a k d o w n  f i e l d  i n  
t h e  S i ,  m e t a l  o v e r h a n g s  w e r e  i n c o r p o r a t e d  o v e r  t h e  p + s t r i p s  t o  d i s t r i b u t e  t h e  v o l t a g e  - 
d r o p p i n g  a c r o s s  S i  a n d  o x i d e  s o  a s  t o  i n c r e a s e  b r e a k d o w n  v o l t a g e  o f  t h e  d e v i c e s
[ 1 3 4 ] .
W h e n  t h e  p i n - d i o d e  i s  r e v e r s e  b i a s e d ,  t h e  d e p l e t i o n  l a y e r  s p r e a d s  v e r t i c a l l y  t o  t h e  
b a c k  s i d e  o f  t h e  d e t e c t o r  w h i l e  i t  a l s o  s p r e a d s  l a t e r a l l y  t o  a  d i s t a n c e  c o m p a r a b l e  t o  t h e  
t h i c k n e s s  o f  t h e  w a f e r  [ 1 3 5 - 1 3 7 ] .  B i a s i n g  o n e  o r  m o r e  g u a r d - r i n g s  w i l l  c o n s t r a i n  t h e  
l a t e r a l  e x t e n s i o n  o f  t h e  d e p l e t i o n  l a y e r  a n d  p r e v e n t s  t h e  d e p l e t i o n  l a y e r  f r o m  r e a c h i n g  
t h e  e d g e  o f  t h e  d e v i c e  [ 1 3 7 ,  1 3 8 ] .
T h e  m a i n  p r o b l e m  a s s o c i a t e d  w i t h  t h e  l a t e r a l  s p r e a d  o f  t h e  d e p l e t i o n  i s  t h e  e d g e  o f  t h e  
d e v i c e ,  w h i c h  i s  n o r m a l l y  d a m a g e d  b y  t h e  c u t t i n g  p r o c e d u r e .  I f  t h e  d e p l e t i o n  l a y e r
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r e a c h e s  t h e  d a m a g e d  e d g e ,  a  l a r g e  l e a k a g e  o f  c u r r e n t  a r i s e s .  I t  h a s  b e e n  o b s e r v e d  t h a t  
t h e  l e a k a g e  c u r r e n t  c a n  i n c r e a s e  b y  a  f a c t o r  o f  7  i f  t h e  d e p l e t i o n  l a y e r  r e a c h e s  t h e  e d g e  
o f  t h e  d e v i c e  [ 1 3 6 ] .
A n  n +  l a y e r  i s  i n c l u d e d  i n  t h e  s t r u c t u r e s  t o  p r e v e n t  t h e  s p r e a d  o f  t h e  l a t e r a l  d e p l e t i o n  
[ 1 3 9 - 1 4 1 ] .
D e v i c e s  w i t h o u t  a n  n + l a y e r  e x h i b i t e d  h i g h e r  l e a k a g e  c u r r e n t  t h a n  d e v i c e s  w i t h  t h i s  
l a y e r .  T h i s  i s  d u e  t o  t h e  l a t e r a l  d e p l e t i o n  e d g e ,  w h i c h  r e a c h e s  t h e  e d g e  o f  t h e  d e v i c e  
a n d  h e n c e  i n c r e a s e s  t h e  l e a k a g e  c u r r e n t  [ 1 2 8 ] .
F i g u r e  9 8  s h o w s  t h e  e l e c t r i c a l  f i e l d  i n  a  p i n - d i o d e  d e t e c t o r  w i t h o u t  a n  n + l a y e r  i n  a  
S i l v a c o  s i m u l a t i o n .  T h e  e l e c t r i c a l  f i e l d  h a s  b e e n  e x t e n d e d  t o  t h e  e d g e  o f  t h e  d e v i c e  
c o m p a r e d  t o  F i g u r e  4 3 ,  w h i c h  s h o w s  t h e  e l e c t r i c a l  f i e l d  f o r  t h e  p i n - d i o d e  d e t e c t o r  
w i t h  a n  n + l a y e r .
ATLAS
The electrical field throughout the device without an n+ layer
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Figure 98: The electrical field in the pin-diode detector without an n+ layer.
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T h e  a n a l y s i s  s h o w e d  t h a t  d e v i c e s  w i t h  f l o a t i n g  g u a r d - r i n g s  p r o v i d e  l o w e r  l e a k a g e  
c u r r e n t  t h a n  d e v i c e s  w i t h  t h e i r  g u a r d - r i n g s  c o v e r e d  w i t h  m e t a l .
A l s o  d e v i c e s  w i t h  a n  o x i d e  l a y e r  o n  t h e  a c t i v e - a r e a  y i e l e d e d  a  l o w e r  l e a k a g e  c u r r e n t  
t h a n  d e v i c e s  w i t h  m e t a l  c o v e r i n g  t h e  a c t i v e - a r e a .
T h e  r e a s o n  i s  t h a t  t h e  o x i d e  l a y e r  o n  t h e  s u r f a c e  o f  t h e  d e v i c e s ,  a c t s  a s  a  p a s s i v a t i o n  
l a y e r  a n d  r e d u c e s  t h e  g e n e r a t i o n  o f  t h e  s u r f a c e  l e a k a g e  c u r r e n t ,  w h i c h  t h e r e a f t e r  
d e c r e a s e s  t h e  t o t a l  l e a k a g e  c u r r e n t  [ 1 4 2 ,  1 4 3 ] .
T h e  r e s u l t  o f  t h e  m e a s u r e m e n t  a n a l y s i s  s h o w e d  t h a t  d e v i c e s  w i t h  a n  a d d i t i o n a l  1 0  k e V  
B + , 2  x  1 0 14 c m '2 i m p l a n t e d  u n d e r  t h e  a c t i v e - a r e a ’ s  c o n t a c t  r e s u l t  i n  l o w e r  l e a k a g e  
c u r r e n t  t h a n  t h e  d e v i c e s  i m p l a n t e d  w i t h  2  k e V  B + , 3  x  1 0 13 c m '2 u n d e r  t h i s  r e g i o n .
T h i s  m e a n s  t h a t  t h e s e  d e v i c e s  h a v e  a  l o w e r  c o n t a c t  r e s i s t a n c e  ( S e e  c h a p t e r  5  f o r  m o r e  
d e t a i l s  a b o u t  o h m i c  c o n t a c t s ) .
D e v i c e s  w i t h  a n  a c t i v e - a r e a  o f  1 m m 2 y i e l d  a t  l e a s t  1 o r d e r  o f  m a g n i t u d e  l o w e r  
l e a k a g e  c u r r e n t  t h a n  d e v i c e s  w i t h  a n  a c t i v e - a r e a  o f  1 0  m m 2 . T h e  l a r g e r  t h e  
c i r c u m f e r e n c e ,  t h e  l a r g e r  t h e  s u r f a c e  c u r r e n t  i s  a n d  t h e  h i g h e r  t h e  t o t a l  l e a k a g e  c u r r e n t  
b e c o m e s .  T h e  l a r g e  s u r f a c e  l e a k a g e  c u r r e n t  m i g h t  d e r i v e  f r o m  t h e  i n c r e a s i n g  s u r f a c e  
c o n d u c t i v i t y  d u e  t o  t h e  c o n d u c t i v e  c o n t a m i n a t i o n  [ 1 4 4 ] .  T h e s e  c h a r g e d  p a r t i c l e s  
i n t r o d u c e  g e n e r a t i o n - r e c o m b i n a t i o n  c e n t r e s  a n d  h a v e  i n f l u e n c e  n o t  o n l y  i n  t h e  s u r f a c e  
d e p l e t i o n  r e g i o n ,  b u t  a l s o  i n  t h e  b u l k  d e p l e t i o n  r e g i o n .  T h e  p r e s e n c e  o f  t h e  
g e n e r a t i o n - r e c o m b i n a t i o n  c e n t r e s  c a u s e s  s i g n i f i c a n t  r e d u c t i o n  o f  t h e  c h a r g e  c a r r i e r  
l i f e - t i m e  [ 1 2 7 ]  a n d  h e n c e  i n c r e a s e s  t h e  l e a k a g e  c u r r e n t .
T h e  r e s u l t  o f  t h e  d e v i c e  d e s i g n  u s i n g  S i l v a c o  s i m u l a t i o n  p a c k a g e s  s h o w e d  t h a t  w e  
s h o u l d  b e  a b l e  t o  o b t a i n  a  l e a k a g e  c u r r e n t  o f  5  n A  ( s e e  c h a p t e r  4 ) .  T h e  l o w e s t  
o b s e r v e d  l e a k a g e  c u r r e n t  o n  t h e  m a n u f a c t u r e d  d e v i c e s  w a s  a b o u t  3 0  n A  ( d e v i c e  6  o n  
w a f e r  2  i n  t h e  s e c o n d  p r o c e s s i n g  r u n ) ,  w h i c h  i s  l e s s  t h a n  o n e  o r d e r  o f  m a g n i t u d e  
h i g h e r  t h a n  t h e  s i m u l a t i o n .  T h e  d i f f e r e n c e  c a n  b e  e x p l a i n e d  i n  t e r m s  o f  S i l v a c o ’ s  l a c k  
o f  s u p p o r t  f o r  c h a n g e s  i n  t h e  c a r r i e r  l i f e - t i m e  d u r i n g  t h e  d i f f e r e n t  s t a g e s  o f  p r o c e s s i n g  
o f  t h e  w a f e r  i n  a  l a b o r a t o r y .  N o  s i m u l a t i o n  p r o g r a m m e  w i l l  b e  a b l e  t o  e s t i m a t e  t h e  
c h a n g e  i n  t h e  c a r r i e r  l i f e - t i m e  s i n c e  e a c h  l a b o r a t o r y  i s  u n i q u e  i n  t e r m s  o f  
c o n t a m i n a t i o n  l e v e l ,  v a r i e t y  o f  e q u i p m e n t ,  n u m b e r  o f  u s e r s  a n d  a l s o  t h e  s a m e  d e v i c e
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c a n  b e  m a n u f a c t u r e d  a n d  p r o c e s s e d  d i f f e r e n t l y .  H o w e v e r  t h e  c a r r i e r  l i f e - t i m e  o n  o n e  
o f  t h e  w a f e r s  w a s  m e a s u r e d  t o  i n v e s t i g a t e  h o w  t h e  p r o c e s s i n g  h a s  a f f e c t e d  t h e  c a r r i e r  
l i f e - t i m e  o n  t h e  d e v i c e  a n d  c o n s e q u e n t l y  t h e  l e a k a g e  c u r r e n t
T h e  m e a s u r e m e n t  o f  t h e  c a r r i e r  l i f e - t i m e  i s  n o r m a l l y  b a s e d  o n  t h e  r e c o m b i n a t i o n  
d y n a m i c s  o f  e x c e s s  c a r r i e r s  w h i c h  a r e  n o r m a l l y  g e n e r a t e d  o p t i c a l l y .
T h e r e  a r e  d i f f e r e n t  t e c h n i q u e s  t o  m e a s u r e  t h e  c a r r i e r  l i f e - t i m e  a n d  t h e y  a r e  c l a s s i f i e d  
i n  t e r m s  o f  t h e  t i m e  d u r i n g  w h i c h  t h e  d e v i c e s  a r e  e x p o s e d  t o  l i g h t  [ 1 4 5 ] .
T h r e e  m e t h o d s  a r e  n o r m a l l y  u s e d  t o  m e a s u r e  t h e  c a r r i e r  l i f e - t i m e .
1 )  T h e  f i r s t  r e g i m e  i n v o l v e s  a  s h a r p  p u l s e  o f  i l l u m i n a t i o n  t h a t  i s  r a p i d l y  t i m e d  o f f  
a n d  a  s u b s e q u e n t  d e t e r m i n a t i o n  o f  t h e  e x c e s s  c a r r i e r  d e n s i t y  w i t h o u t  
i l l u m i n a t i o n .  T h i s  i s  t h e  t r a d i t i o n a l  t r a n s i e n t  t e c h n i q u e ,  u s e d  e s p e c i a l l y  t o  
m e a s u r e  h i g h  c a r r i e r  l i f e - t i m e .
2 )  t h e  s e c o n d  r e g i m e  i s  t h e  s t e a d y - s t a t e  i l l u m i n a t i o n ,  w h i c h  i s  o f  m i n o r  
i m p o r t a n c e  d u e  t o  t h e  p r o b l e m  t h a t  t h e  s a m p l e s  w i l l  q u i c k l y  s u f f e r  f r o m  
h e a t i n g  a n d  a  c h a n g i n g  o f  c a r r i e r  l i f e - t i m e .
3 )  S u c h  e f f e c t s  a r e  a v o i d e d  i n  t h e  t h i r d  r e g i m e ,  w h e r e  t h e  i l l u m i n a t i o n  i n t e n s i t y  
i s  s l o w l y  r e d u c e d  t o  z e r o  o v e r  s e v e r a l  m i l l i s e c o n d s .  T h e  d e c a y  w i l l  b e  l o n g  
e n o u g h  t o  e n s u r e  t h a t  t h e  s a m p l e  r e m a i n s  i n  s t e a d y  s t a t e  i n  t e r m s  o f  
r e c o m b i n a t i o n  p r o c e s s e s .  T h i s  i s  t h e  b a s i s  o f  t h e  q u a s i -  s t e a d y - s t a t e  ( Q S S )  
m e t h o d  f i r s t  i n t r o d u c e d  b y  S i n t o n  a n d  C u e v a s  [ 1 4 6 - 1 5 2 ] .
T h e  e f f e c t i v e  l i f e - t i m e  i s  o b t a i n e d  f r o m :
W h e r e  T #  i s  t h e  e f f e c t i v e  c a r r i e r  r e c o m b i n a t i o n  l i f e - t i m e ,  i s  t h e  b u l k  e x c e s s  
c a r r i e r  c o n c e n t r a t i o n  a n d  G  i s  t h e  p h o t o g e n e r a t i o n  r a t e  w i t h i n  t h e  s a m p l e  u n d e r  t e s t .
I n  t h e  c a s e  o f  t r a n s i e n t  m e a s u r e m e n t s ,  t h e  p u l s e  o f  l i g h t  i s  r e q u i r e d  o n l y  t o  e x c i t e  t h e  
c a r r i e r s  a n d  i s  s w i t c h e d  o f f  d u r i n g  t h e  a c t u a l  m e a s u r e m e n t  s o  t h a t  G ( t )  =  0 .  F o r  t h e
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Q S S  m e a s u r e m e n t s ,  i t  i s  a s s u m e d  t h a t  t h e  l i g h t  i s  v a r y i n g  v e r y  s l o w l y  s o  t h a t  d ( A n ) / d t  
=  0  [ 1 5 3 ] .
T h e  c a r r i e r  l i f e - t i m e  m e a s u r e m e n t  w a s  c a r r i e d  o u t  b y  a  W C T - 1 0 0  S i  w a f e r  l i f e - t i m e  
t e s t e r .  T h e  W C T - 1 0 0  i s  u s e d  f o r  t h e  t r a n s i e n t  a n d  t h e  q u a s i - s t e a d y - s t a t e  a n a l y s i s  a n d  
i s  c a p a b l e  t o  m e a s u r e  b o t h  h i g h  ( s e v e r a l  m i l l i s e c o n d )  a n d  l o w  ( f e w  m i c r o s e c o n d )  
c a r r i e r  l i f e - t i m e s .
T h e  r e s u l t s  b e l o w  w e r e  o b t a i n e d  u s i n g  t h e  W C T - 1 0 0  i n  t h e  q u a s i - s t e a d y - s t a t e  m o d e .
A  c a l i b r a t e d  s o l a r  c e l l  i s  u s e d  t o  s i m u l t a n e o u s l y  m e a s u r e  t h e  i l l u m i n a t e d  l i g h t  
i n t e n s i t y .
F i g u r e  9 9  s h o w s  t h e  i m p l i e d  o p e n  c i r c u i t  v o l t a g e  v e r s u s  t h e  i l l u m i n a t i o n  i n t e n s i t y .  
T h i s  c u r v e  g i v e s  i n f o r m a t i o n  c o m p a r a b l e  t o  t h e  f i n a l  I - V  a t  e a c h  s t a g e  o f  a  s o l a r  c e l l  
p r o c e s s .  T h e  i m p l i e d  o p e n  c i r c u i t  v o l t a g e  ( V o c )  a t  1 s u n  i s  5 6 0  m V  a n d  f o r  4  s u n  is  
5 9 0  m V .
0.4400 0.4600 0.4800 0.5000 0.5200 0.5400 0.5600 0.5800 0.6000
Implied Open-Circuit Voltage (V)
Figu re 99: Im plied  open circu it vo ltage  versus the illum ination intensity.
Q u a s i - S t e a d y - S t a t e  l i f e - t i m e  m e a s u r e m e n t  r e l i e s  o n  t h e  n u m b e r  o f  c a r r i e r s  p r e s e n t  
w h e n  t h e  s a m p l e  i s  i l l u m i n a t e d  b y  a  s t e a d y  l i g h t .  W i t h  t h e  Q S S  m e t h o d ,  t h e  s y s t e m
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a p p l i e s  a  s l o w l y - v a r y i n g  l i g h t  i n t e n s i t y  a n d  m e a s u r e s  t h e  p h o t o c o n d u c t a n c e  t o  m a p  
t h e  c a r r i e r  l i f e - t i m e .
F i g u r e  1 0 0  s h o w s  t h e  i l l u m i n a t e d  l i g h t  i n t e n s i t y  a n d  t h e  p h o t o c o n d u c t a n c e  ( P C )  
s i g n a l  g e n e r a t e d  i n  t h e  w a f e r .  T h e  i l l u m i n a t e d  l i g h t  i s  i n  t h e  s t e a d y - s t a t e  m o d e  f r o m  
0 . 0 7  m s  t o  0 . 1 7  m s  i n  t h e  f l a t  r e g i o n  f o r  a b o u t  0 .1  m s .
Figure 100: The illuminated light intensity and the phoconductance signal generated in the 
wafer.
I n  t h e  Q S S  t e c h n i q u e  t h e  e f f e c t i v e  l i f e - t i m e  i s  d e t e r m i n e d  a t  e v e r y  c a r r i e r  d e n s i t y ,  a s  
s h o w n  i n  F i g u r e  1 0 1 .  T h e  m i n o r i t y  c a r r i e r  l i f e - t i m e  i s  1 4 8 .7  p s  a t  t h e  m i n o r i t y  c a r r i e r  
d e n s i t y  o f  5 x 1 0 14 c m '3.
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Figu re 101: M in o rity  ca rrie r  life-tim e versus ca rr ie r  density.
A f t e r  c o m p e n s a t i n g  f o r  t h e  c h a n g e  i n  t h e  c a r r i e r  l i f e - t i m e  i n  t h e  S i l v a c o  s i m u l a t i o n ,  
w e  o b s e r v e d  t h a t  t h e  I - V  c h a r a c t e r i s t i c  i s  c o m p a r a b l e  t o  t h e  m a n u f a c t u r e d  d e v i c e ’ s  
c h a r a c t e r i s t i c  a s  s h o w n  i n  F i g u r e  1 0 2 .  T h e  l e a k a g e  c u r r e n t  o f  t h e  m a n u f a c t u r e d  d e v i c e  
w a s  s u r p r i s i n g l y  l o w e r  t h a n  t h e  s i m u l a t e d  d e v i c e ,  b u t  s t i l l  i n  t h e  s a m e  i n t e r v a l .  T h e  
l e a k a g e  c u r r e n t  w a s  7 0  n A  a t  a  v o l t a g e  o f  4 0  V  f o r  t h e  m a n u f a c t u r e d  d e v i c e  w h i l e  i t  
w a s  8 0  n A  f o r  t h e  s i m u l a t e d  d e v i c e .  H o w e v e r  f o r  t h i s  p r o j e c t ,  t h e  o b j e c t i v e  w a s  t o  
a c h i e v e  a s  l o w  a  l e a k a g e  c u r r e n t  a s  5  n A  b u t  t h e  l o w e s t  l e a k a g e  c u r r e n t  r e c o r d e d  f o r  
t h e  m a n u f a c t u r e d  d e v i c e s  w a s  o n e  o r d e r  o f  m a g n i t u d e  h i g h e r .
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l-V Characteristic
Voltage (V)
Figure 102: Comparison between I-V characteristic for the simulated and the best performing 
manufactured pin-diode detector.
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7  C o n c l u s i o n
T h e  o b j e c t i v e  o f  t h i s  p r o j e c t  w a s  t o  d e s i g n  a n d  m a n u f a c t u r e  a  5 X 5  m m  X - r a y  
d e t e c t o r  c a p a b l e  o f  m e a s u r i n g  l o w  X - r a y  e n e r g i e s  ( < 1 0  lc e V ) .  T h e r e  w a s  a l s o  a  
r e q u i r e m e n t  t o  r e d u c e  t h e  l e a k a g e  c u r r e n t  t o  a b o u t  0 .5  n A /  c m 2 a n d  o b t a i n  a n  
e f f i c i e n c y  o f  u p  t o  1 0 0 %  w i t h o u t  u s i n g  a  l i q u i d  n i t r o g e n  d e w a r  t o  c o o l  d o w n  t h e  
s y s t e m .  T h e  e l i m i n a t i o n  o f  t h e  d e w a r  f a c i l i t a t e s  t h e  m a n u f a c t u r e  o f  p o r t a b l e  d e t e c t o r s .
D i f f e r e n t  t y p e  o f  X - r a y  d e t e c t o r s  w e r e  d e s i g n e d ,  m a n u f a c t u r e d  a n d  a n a l y s e d  i n  o r d e r  
t o  c h o o s e  t h e  m o s t  s u i t a b l e  d e t e c t o r  c o n f i g u r a t i o n  f o r  i n d u s t r i a l  u s e .
T h e  m a i n  a d v a n t a g e  o f  u s i n g  s e m i c o n d u c t o r  d e t e c t o r s  r a t h e r  t h a n  o t h e r ,  e .g .  g a s - f i l l e d  
d e t e c t o r s ,  l i e s  i n  t h e  l o w  a m o u n t  o f  r e q u i r e d  i o n i s a t i o n  e n e r g y .  T h e  e n e r g y  o f  v i s i b l e  
l i g h t  p h o t o n s  o f  2 - 4  e V  i s  g r e a t e r  t h a n  t h e  b a n d  g a p  e n e r g y  o f  m o s t  s e m i c o n d u c t o r s .  
E l e c t r o n - h o l e  p a i r s  c a n  t h e r e f o r e  b e  e a s i l y  p r o d u c e d  b y  p h o t o n  i n t e r a c t i o n s ,  c o m p a r e d  
w i t h  a b o u t  2 0 e V  i o n i s a t i o n  e n e r g y  r e q u i r e d  t o  c r e a t e  a n  e l e c t r o n - h o l e  p a i r  i n  a  t y p i c a l  
g a s - f i l l e d  d e t e c t o r .
A l s o  s e m i c o n d u c t o r  d e t e c t o r s  h a v e  m u c h  h i g h e r  r e s p o n s i v i t y  ( t h e  r a t i o  o f  i n d u c e d  
c u r r e n t  t o  i n c i d e n t  f l u x ) .
G a s - f i l l e d  d e t e c t o r s  a r e  u s e d  f o r  d e t e c t i n g  h i g h  e n e r g y  X - r a y s  a n d  y - r a y s .  S T J  s y s t e m s  
n e e d  c o o l i n g  s y s t e m s  a n d  t h e y  a r e  m o r e  e x p e n s i v e .  S e m i c o n d u c t o r  d e t e c t o r s  s u c h  a s  
S i ( L i )  a n d  G e ( L i )  a r e  c a p a b l e  o f  d e t e c t i n g  X - r a y  e n e r g i e s  < 1 0  k e V  w i t h  l o w e r  
r e s o l u t i o n  a n d  t h e y  a l s o  n e e d  c o o l i n g  s y s t e m s  t o  r u n .  F o r  t h i s  r e a s o n ,  m a n u f a c t u r i n g  
p o r t a b l e  d e t e c t o r s  u s i n g  t h e s e  d e v i c e s  i s  n o t  f e a s i b l e .  O t h e r  s e m i c o n d u c t o r  X - r a y  
d e t e c t o r s  s u c h  a s  S D D s  a n d  C C D s  a r e  p o r t a b l e  a n d  a r e  u s e d  t o  m e a s u r e  l o w  X - r a y  
e n e r g i e s  w i t h  h i g h  r e s o l u t i o n  b u t  t h e y  a r e  m o r e  e x p e n s i v e ,  e s p e c i a l l y  i f  t h e y  c o m e  
w i t h  i n t e g r a t e d  F E T s .  T h e  o n l y  s e m i c o n d u c t o r  X - r a y  d e t e c t o r  w h i c h  i s  r e l a t i v e l y  
i n e x p e n s i v e ,  p o r t a b l e  a n d  a b l e  t o  d e t e c t  l o w  X - r a y  e n e r g i e s  < 1 0  k e V  w i t h  a  h i g h  
r e s o l u t i o n  i s  a  p i n - d i o d e  d e t e c t o r .
T h e s e  w e r e  t h e  m a i n  r e a s o n s  b e h i n d  o u r  c h o i c e  o f  X - r a y  d e t e c t o r  u s i n g  a  p i n - d i o d e  
f o r  t h i s  p r o j e c t .
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M a t e r i a l s  s u c h  a s  C d T e ,  C d Z n T e ,  H g l 2 a n d  P b l 2 w i t h  a  h i g h  a t o m i c  n u m b e r  a r e  u s e d  
i n  d e t e c t o r s  t o  d e t e c t  y - r a y s  a n d  h a r d  X - r a y s .  O t h e r  s e m i c o n d u c t o r  m a t e r i a l s  s u c h  a s  
G e  a n d  G a A s  a r e  u s e d  f o r  d e t e c t i n g  h i g h  X - r a y  e n e r g i e s  b u t  d o  n o t  p r o v i d e  h i g h  
r e s o l u t i o n  f o r  l o w  e n e r g i e s .  I n  a d d i t i o n  d e t e c t o r s  p r o d u c e d  w i t h  t h e s e  m a t e r i a l s  a r e  
n o t  p o r t a b l e  d u e  t o  t h e i r  h i g h  l e a k a g e  c u r r e n t  a n d  t h e i r  n e e d  o f  a  c o o l i n g  s y s t e m .  
S i l i c o n ’s  p r o p e r t i e s  s u c h  a s  h i g h  a b s o r p t i o n  l e n g t h  a n d  h i g h  c a r r i e r  m o b i l i t y  m a k e  i t  
s u i t a b l e  f o r  t h i s  p r o j e c t .  T h e  h i g h  a b s o r p t i o n  l e n g t h  r e s u l t s  i n  m o s t  o f  t h e  X - r a y  
e n e r g y  b e i n g  a b s o r b e d .  T h e  h i g h  c h a r g e  c a r r i e r  m o b i l i t y  f o r  b o t h  h o l e s  a n d  e l e c t r o n s  
i n  S i  l e a d s  t o  s u f f i c i e n t  c h a r g e  c o l l e c t i o n  e f f i c i e n c y  i n  t h e  X - r a y  d e t e c t o r .  S i l i c o n ’s  
l a r g e  b a n d  g a p  ( 1 .1 2  e V )  a s s u r e s  t h a t  t h e  t h e r m a l l y - g e n e r a t e d  l e a k a g e  c u r r e n t  a t  a n y  
g i v e n  t e m p e r a t u r e  w i l l  b e  s m a l l e r  t h a n  f o r  o t h e r  s e m i c o n d u c t o r  m a t e r i a l s .  T h i s  m a k e s  
S i  s u i t a b l e  f o r  p o r t a b l e  X - r a y  d e t e c t o r  p r o d u c t i o n  s i n c e  a  c o o l i n g  s y s t e m  i s  n o t  
n e e d e d .  S i  w i t h  a  r e s i s t i v i t y  o f  5  k Q - c m  a n d  c a r r i e r  l i f e - t i m e  o f  1 m s  w a s  c h o s e n  f o r  
t h i s  p r o j e c t .  T h e  h i g h  c a r r i e r  l i f e - t i m e  m a k e s  t h e  d e t e c t o r  m o r e  e f f i c i e n t  s i n c e  i t  
g e n e r a t e s  l o w e r  l e a k a g e  c u r r e n t .
T h e  d e v e l o p m e n t  o f  t h e  n e w  S i  X - r a y  d e t e c t o r  i n v o l v e d  t h e  u s e  o f  t h e  l a t e s t  
t e c h n o l o g y .  N i n e  d i f f e r e n t  p i n - d i o d e  d e t e c t o r s  w e r e  d e s i g n e d ,  m o d e l l e d  a n d  
m a n u f a c t u r e d  f o r  t h i s  p r o j e c t .  T h e  d e t e c t o r s  w e r e  d e s i g n e d  a n d  m o d e l l e d  u s i n g  t h e  
S i l v a c o  p a c k a g e ,  w h i c h  p r o v i d e s  c o m p l e x  s i m u l a t o r  t o o l s  t h a t  e n a b l e d  u s  t o  d e t e r m i n e  
t h e  o p t i m a l  d e t e c t o r  c o n f i g u r a t i o n .  T h e  p a r a m e t e r s  t h a t  c o n t r o l  t h e  p e r f o r m a n c e  o f  t h e  
d e t e c t o r  s u c h  a s  l e a k a g e  c u r r e n t s  a n d  b r e a k d o w n  v o l t a g e  w e r e  i n v e s t i g a t e d .
T h e  S i l v a c o  s i m u l a t i o n  s o f t w a r e  e n a b l e d  u s  t o  d e t e r m i n e  t h e  o p t i m a l  c o n f i g u r a t i o n  i n  
t e r m s  o f  c h o i c e  o f  m a t e r i a l ,  d e v i c e  d i m e n s i o n s ,  n u m b e r  o f  g u a r d - r i n g s ,  t h e  d i s t a n c e  
b e t w e e n  t h e  g u a r d - r i n g s  a n d  t h e i r  w i d t h s ,  p a r a m e t e r s  f o r  p r o c e s s i n g  m e t h o d s  s u c h  a s  
i m p l a n t a t i o n  e n e r g y  a n d  d o s e ,  a n n e a l i n g  t i m e  a n d  t e m p e r a t u r e .  T h e  e l e c t r i c a l  
p e r f o r m a n c e  o f  t h e  p i n - d i o d e  d e t e c t o r  w a s  a l s o  d e t e r m i n e d  b y  r u n n i n g  t h e  
s i m u l a t i o n s .
T h e  e l e c t r i c a l  s i m u l a t i o n  i n d i c a t e d  t h a t  t h e  l e a k a g e  c u r r e n t  i s  a b o u t  8 0  n A  a n d  t h e  
b r e a k d o w n  v o l t a g e  i s  a s  l o w  a s  1 4 0  V  f o r  p i n - d i o d e  d e t e c t o r s  w i t h o u t  g u a r d - r i n g s .  
A f t e r  p l a c i n g  t h e  g u a r d - r i n g s  i n  t h e  p i n - d i o d e  d e t e c t o r s ,  t h e  l e a k a g e  c u r r e n t  r e d u c e d  
t o  5  n A  a n d  t h e  b r e a k d o w n  v o l t a g e  i n c r e a s e d  t o  a b o u t  7 0 0  V ,  8 5 0  V  a n d  1 3 0 0  V  f o r  
p i n - d i o d e  d e t e c t o r s  w i t h  o n e ,  t w o  a n d  t h r e e  g u a r d - r i n g s  r e s p e c t i v e l y .
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T h e  n i n e  d i f f e r e n t  m a n u f a c t u r e d  p i n - d i o d e  d e t e c t o r s  w e r e  d e s i g n e d  s o  a s  t o  p r o v i d e  a  
c o m b i n a t i o n  o f  p a r a m e t e r s  t o  t e s t .  T h u s :
-  F o u r  d e v i c e s  w e r e  e q u i p p e d  w i t h  t h r e e  g u a r d - r i n g s  a n d  t h e  r e s t  h a d  t w o  g u a r d -  
r i n g s
-  T w o  o f  t h e  d e t e c t o r s  h a d  f l o a t i n g  g u a r d - r i n g s  a n d  t h e  r e s t  h a d  A l  c o n t a c t e d  g u a r d -  
r i n g s
-  T w o  o f  t h e  p i n - d i o d e  d e t e c t o r s  h a d  a n  o x i d e  l a y e r  o n  t h e  a c t i v e - a r e a  a n d  t h e  r e s t  
h a d  A l  c o n t a c t  o n .
-  O n e  d e t e c t o r  w a s  m a n u f a c t u r e d  w i t h o u t  a n  n + l a y e r  a r o u n d  t h e  e d g e  w h e r e a s  t h e  
r e s t  a l l  h a d  a n  n + l a y e r .
-  T h e  i m p l a n t a t i o n  r e g i o n  u n d e r  t h e  a c t i v e - a r e a ’ s  c o n t a c t  w a s  i m p l a n t e d  w i t h  2  k e V
B + 3  x  1 0 13, t i l t = 7 °  a n d  r o t a t i o n = 2 2 °  f o r  t h r e e  d e v i c e s ,  w h i l e  o n  t h e  r e m a i n i n g  s i x
d e v i c e s  t h i s  r e g i o n  w a s  i m p l a n t e d  w i t h  a n  a d d i t i o n a l  1 0  k e V  B + 2 x l 0 14, t i l t = 7 °  
a n d  r o t a t i o n = 2 2 ° .
T h e  v a r i e t y  i n  t h e  d e s i g n  o f  t h e  n i n e  d e v i c e s  a l l o w e d  u s  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  t h e  
a b o v e  p a r a m e t e r s  ( n u m b e r  o f  g u a r d - r i n g s ,  f l o a t i n g  o r  c o n t a c t e d  g u a r d - r i n g s ,  d e v i c e s  
w i t h  a n  o x i d e  o r  A l  l a y e r  o n  t h e  a c t i v e - a r e a ,  d e e p  o r  s h a l l o w  i o n  i m p l a n t a t i o n  a r o u n d  
t h e  e d g e  o f  t h e  a c t i v e - a r e a )  o n  t h e  p i n - d i o d e  d e t e c t o r s ’ e l e c t r i c a l  p e r f o r m a n c e .
A n o t h e r  p a r a m e t e r  w a s  t h e  s i z e  o f  t h e  a c t i v e - a r e a ’ s  i m p a c t  o n  t h e  e l e c t r i c a l  
p e r f o r m a n c e  a n d  f o r  t h i s  r e a s o n  t w o  p i n - d i o d e  d e t e c t o r s  w i t h  a  1 m m 2 a c t i v e - a r e a  
w i t h  2  a n d  3  g u a r d - r i n g s  r e s p e c t i v e l y  w e r e  d e s i g n e d  a n d  m a n u f a c t u r e d .
A l l  n i n e  p i n - d i o d e  d e t e c t o r s  w e r e  5 X 5  m m 2 a n d  w i t h  a n  a c t i v e - a r e a  o f  1 0  m m 2 .
W e  a l s o  d e s i g n e d  a n d  m a n u f a c t u r e d  s o m e  t e s t  d e v i c e s  o n  e v e r y  c h i p  o n  t h e  w a f e r s  s o  
a s  t o  m e a s u r e  t h e  c o n t a c t  o r  s h e e t  r e s i s t a n c e  a n d  t h e  c a r r i e r  l i f e - t i m e .
A f t e r  m e a s u r i n g  t h e  c a r r i e r - l i f e  t i m e  f o r  o n e  o f  t h e  m a n u f a c t u r e d  d e t e c t o r s  w e  f o u n d  
t h a t  t h e  c a r r i e r  l i f e - t i m e  r e d u c e d  f r o m  1 m s  t o  0 .1  m s ,  w h i c h  i s  n o t  d e s i r a b l e  a s  t h i s  
l e a d s  t o  a  h i g h e r  l e a k a g e  c u r r e n t .
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S i l v a c o  p a c k a g e  d o e s  n o t  t a k e  i n t o  a c c o u n t  c h a n g e s  i n  t h e  c a r r i e r  l i f e - t i m e  o f  t h e  
d e v i c e  t h r o u g h o u t  t h e  p r o c e s s i n g .  A f t e r  c o m p e n s a t i n g  f o r  t h e  c h a n g e  i n  t h e  c a r r i e r  
l i f e - t i m e  i n  t h e  S i l v a c o  s i m u l a t i o n ,  w e  o b s e r v e d  t h a t  t h e  I - V  c h a r a c t e r i s t i c  i s  
c o m p a r a b l e  t o  t h e  m a n u f a c t u r e d  d e t e c t o r ’ s  c h a r a c t e r i s t i c  a s  s h o w n  i n  F i g u r e  1 0 2 .  T h e  
l e a k a g e  c u r r e n t  w a s  7 0  n A  a t  a  v o l t a g e  o f  4 0  V  f o r  t h e  m a n u f a c t u r e d  d e v i c e  w h i l e  i t  
w a s  8 0  n A  f o r  t h e  s i m u l a t e d  d e t e c t o r .  H o w e v e r  f o r  t h i s  p r o j e c t ,  t h e  o b j e c t i v e  w a s  t o  
a c h i e v e  a s  l o w  a  l e a k a g e  c u r r e n t  a s  5  n A  b u t  t h e  l o w e s t  l e a k a g e  c u r r e n t  m e a s u r e d  f o r  
t h e  m a n u f a c t u r e d  d e t e c t o r s  w a s  o n e  o r d e r  o f  m a g n i t u d e  h i g h e r .
T h e  f o l l o w i n g  p r o c e s s i n g  m e t h o d s  w e r e  a p p l i e d  o n  t h e  S i  w a f e r s  i n  o r d e r  t o  
m a n u f a c t u r e  t h e  p i n - d i o d e  d e t e c t o r s :  o x i d a t i o n ,  i o n  i m p l a n t a t i o n ,  a n n e a l i n g ,  
p h o t o l i t h o g r a p h y ,  w a f e r  c l e a n i n g ,  m e t a l l i z a t i o n ,  e t c h i n g  a n d  c o n t a c t  s i n t e r i n g .
D u r i n g  t h e  p r o c e s s i n g  o f  t h e  p i n - d i o d e  d e t e c t o r s  t h e  f o l l o w i n g  p a r a m e t e r s  w e r e  a l s o  
r e f i n e d :
- a n n e a l i n g  t i m e s  a n d  t e m p e r a t u r e  f o r  a c t i v a t i n g  t h e  i m p l a n t e d  i o n s
-  a n n e a l i n g  t i m e s  a n d  t e m p e r a t u r e  f o r  s i n t e r i n g  t h e  c o n t a c t s
-  F u r n a c e  s e t t i n g s  t o  g r o w  v a r i o u s  o x i d e  t h i c k n e s s e s  
s p u t t e r e r  c o n f i g u r a t i o n  f o r  d e p o s i t i o n  o f  t h e  m e t a l  c o n t a c t s
-  E t c h  r a t e  f o r  d i f f e r e n t  o x i d e  a n d  m e t a l  t h i c k n e s s e s .
-  N u m b e r s  o f  p a r a m e t e r s  c o n t r o l l i n g  t h e  p h o t o l i t h o g r a p h y .  A m o n g  o t h e r s  t h e  
e x p o s e d  l i g h t  d o s e ,  e x p o s u r e  t i m e ,  s p i n  s p e e d ,  s p i n  t i m e ,  d e v e l o p i n g  t i m e  a n d  
d i f f e r e n t  t e m p e r a t u r e s  a n d  d u r a t i o n s  f o r  t h e  p r e  a n d  p o s t - b a k i n g .
A s  p a r t  o f  t h i s  p r o j e c t ,  w e  m a n u f a c t u r e d  p i n - d i o d e  d e t e c t o r s  i n  t w o  i t e r a t i o n s .
T h e  f i r s t  p r o c e s s i n g  r u n  p u t  a l l  t h e  t h e o r y  g a i n e d  u s i n g  t h e  S i l v a c o  s i m u l a t i o n  
p r o g r a m m e  i n t o  p r a c t i c e .  W e  p r o c e s s e d  a n d  a n a l y s e d  4  w a f e r s :
1 )  O n  t h e  f i r s t  w a f e r ,  w e  i m p l a n t e d  t h e  e n t r a n c e  w i n d o w  ( a c t i v e - a r e a )  o f  t h e  
d e t e c t o r s  w i t h  2  k e V  B F f  5  x  1 0 12, t i l t = 7 °  a n d  r o t a t i o n = 2 2 ° .
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2 )  O n  t h e  s e c o n d  w a f e r ,  t h e  e n t r a n c e  w i n d o w  w a s  i m p l a n t e d  w i t h  B F ]  5  x  1 0 12, 
t i l t = 7 °  a n d  r o t a t i o n = 2 2 °  t h r o u g h  a  1 0  n m  o x i d e .
3 )  T h e  t h i r d  w a f e r  h a d  i t s  e n t r a n c e  w i n d o w s  i m p l a n t e d  w i t h  2  k e V  B + 3 x l 0 13, 
t i l t = 7 °  a n d  r o t a t i o n = 2 2 ° .
4 )  O n  t h e  f o u r t h  w a f e r ,  t h e  e n t r a n c e  w i n d o w  w a s  i m p l a n t e d  w i t h  2  k e V  
B + 3 x l 0 13, t i l t = 7 °  a n d  r o t a t i o n = 2 2 °  t h r o u g h  a  1 0  n m  o x i d e .
W e  a n a l y s e d  t h e  r e s u l t s  o f  t h e  f i r s t  r u n  a n d  i d e n t i f i e d  a  n u m b e r  o f  a r e a s  w h e r e  t h e r e  
w a s  s o m e  f l e x i b i l i t y  i n  t h e  m a n u f a c t u r i n g  p r o c e s s .
I n  t h e  f i r s t  p r o c e s s i n g  r u n ,  d e v i c e s  w i t h  i m p l a n t e d  B + a n d  i m p l a n t e d  B + t h r o u g h  a  
l a y e r  o f  1 0  m n  o x i d e  s h o w e d  a  l o w e r  l e a k a g e  c u r r e n t  t h a n  d e v i c e s  w i t h  i m p l a n t e d
B F ]  a n d  i m p l a n t e d  B F ]  t h r o u g h  a  1 0  n m  o x i d e .  A f t e r  a n a l y s i n g  t h e  r e s u l t s  o f  t h e  
f i r s t  p r o c e s s i n g  r u n ,  w e  d e c i d e d  t o  i m p l a n t  t h e  e n t r a n c e  w i n d o w  o f  t h e  d e t e c t o r s  f o r  
t h e  s e c o n d  r u n  o n l y  w i t h  B + . T w o  w a f e r s  w e r e  p r o c e s s e d  a n d  a n a l y s e d  a s  p a r t  o f  t h e  
s e c o n d  r u n :
1 )  F o r  w a f e r  1 , t h e  e n t r a n c e  w i n d o w  w a s  a n n e a l e d  f o r  5 s  a t  9 5 0  ° C
2 )  F o r  w a f e r  2 ,  t h e  e n t r a n c e  w i n d o w  w a s  a n n e a l e d  f o r  1 0 s  a t  8 5 0  ° C .
E a c h  w a f e r  w a s  s p l i t  i n t o  2  h a l v e s ,  t h e  r e g i o n  u n d e r  t h e  c o n t a c t  o n  t h e  a c t i v e - a r e a  
b e i n g  i m p l a n t e d  w i t h  a  d i f f e r e n t  q u a n t i t y  o f  B + i n  e a c h  h a l f .
D u e  t o  t h e  f a c t  t h a t  t h e  w a f e r s  w e r e  s p l i t  i n t o  2  s i d e s  f o r  i m p l a n t a t i o n ,  t h e r e  w e r e  a  
t o t a l  o f  4  d i f f e r e n t  b a t c h e s  o f  d e v i c e s  t o  a n a l y s e .
B a t c h  1 -  S e c t i o n  o f  W a f e r  1 ( a n n e a l e d  f o r  5 s  a t  9 5 0  ° C ) ,  a n o d e ’ s  c o n t a c t  i m p l a n t e d  
w i t h  2  lc e V  B + 3  x  1 0 13 c m '2, t i l t = 7 °  a n d  r o t a t i o n = 2 2 ° .
B a t c h  2  -  S e c t i o n  o f  W a f e r  1 ( a n n e a l e d  f o r  5 s  a t  9 5 0  ° C ) ,  a n o d e ’s  c o n t a c t  i m p l a n t e d  
w i t h  a n  a d d i t i o n a l  1 0  lc e V  B + 2  x  1 0 14 c m '2, t i l t = 7 °  a n d  r o t a t i o n = 2 2 ° .
B a t c h  3  -  S e c t i o n  o f  W a f e r  2  ( a n n e a l e d  f o r  1 0 s  a t  8 5 0  ° C ) ,  a n o d e ’s  c o n t a c t  i m p l a n t e d  
w i t h  2  lc e V  B + 3  x  1 0 13 c m '2, t i l t = 7 °  a n d  r o t a t i o n = 2 2 ° .
160
B a t c h  4  -  S e c t i o n  o f  W a f e r  2  ( a n n e a l e d  f o r  1 0 s  a t  8 5 0  ° C ) ,  a n o d e ’ s  c o n t a c t  i m p l a n t e d  
w i t h  a n  a d d i t i o n a l  1 0  k e V  B + 2  x  1 0 14 c m '2 , t i l t = 7 °  a n d  r o t a t i o n = 2 2 ° .
I n  t h e  s e c o n d  r u n  p r o c e s s i n g ,  m e a s u r e m e n t s  c a r r i e d  o u t  o n  w a f e r  1 s h o w e d  t h a t :
-  D e t e c t o r s  w i t h  3 g u a r d - r i n g s  ( d e v i c e s  1 ,  2 ,  3  a n d  4 )  h a v e  a  g r e a t e r  l e a k a g e  
c u r r e n t  t h a n  t h e  d e t e c t o r s  w i t h  2  g u a r d - r i n g s  ( d e v i c e s  5 ,  6 ,  7 ,  8  a n d  9 )  o n  t h e  
c h i p .
-  D e t e c t o r  6  w i t h  2  g u a r d - r i n g s ,  a n  o x i d e  l a y e r  o n  t h e  a c t i v e - a r e a  a n d  a  d e e p  
i m p l a n t a t i o n  w i t h  a n  a d d i t i o n a l  1 0  k e V  B + 2  x  1 0 14, u n d e r  t h e  a n o d e ’ s  
c o n t a c t ,  y i e l d s  t h e  l o w e s t  l e a k a g e  c u r r e n t  a m o n g  a l l  t h e  d e v i c e s  i n  w a f e r  1.
F o r  w a f e r  2 ,  a g a i n  d e t e c t o r s  w i t h  3  g u a r d - r i n g s  ( d e v i c e s  1 , 2 ,  3 a n d  4 )  d e m o n s t r a t e d  a  
g r e a t e r  l e a k a g e  c u r r e n t  t h a n  t h e  d e t e c t o r s  w i t h  2  g u a r d - r i n g s  ( d e v i c e  5 ,  6 ,  7 ,  8  a n d  9 )  
o n  t h e  c h i p .  A s  f o r  w a f e r  1 , d e t e c t o r  6  e x h i b i t s  t h e  l o w e s t  l e a k a g e  c u r r e n t  a m o n g  a l l  
t h e  d e t e c t o r s .
F o r  a l l  4  b a t c h e s  i t  s h o w e d  t h a t  d e t e c t o r s  w i t h  a n  a d d i t i o n a l  o f  1 0  k e V ,  2  x  1 0 14 B + 
i m p l a n t a t i o n  u n d e r  t h e  a n o d e ’ s  c o n t a c t  e x h i b i t  l o w e r  l e a k a g e  c u r r e n t  t h a n  d e t e c t o r s  
w i t h  t h e  s a m e  s t r u c t u r e  b u t  w i t h o u t  t h i s  a d d i t i o n a l  i m p l a n t a t i o n .
D e t e c t o r s  w i t h  f l o a t i n g  g u a r d - r i n g s  o r  a n  o x i d e  l a y e r  o n  t h e  a c t i v e - a r e a  d e m o n s t r a t e d  
a  l o w e r  l e a k a g e  c u r r e n t  t h a n  d e t e c t o r s  w i t h  c o n t a c t e d  g u a r d - r i n g s  o r  a  l a y e r  o f  m e t a l  
o n  t h e  a c t i v e - a r e a .
D e t e c t o r s  w i t h  a n  n + l a y e r  a t  t h e  e d g e  e x h i b i t  a  l o w e r  l e a k a g e  c u r r e n t  t h a n  d e t e c t o r s  
w i t h o u t  t h i s  l a y e r .
C o m p a r i n g  t h e  r e s u l t s  f o r  d e t e c t o r s  w i t h  a  1 m m 2 a c t i v e - a r e a  w i t h  d e t e c t o r s  w i t h  a n  
a c t i v e - a r e a  o f  1 0  m m 2, s h o w s  t h a t  t h e  a r e a  h a s  a n  i m p a c t  o n  t h e  l e a k a g e  c u r r e n t .  
D e t e c t o r s  w i t h  l a r g e r  a r e a  e x h i b i t  g r e a t e r  l e a k a g e  c u r r e n t .
W a f e r  2  i n  g e n e r a l  s h o w e d  a  l o w e r  l e a k a g e  c u r r e n t  t h a n  w a f e r  1 , m e a n i n g  t h a t  i t  i s  
b e t t e r  t o  a n n e a l  t h e  a c t i v e - a r e a  a t  a  l o w e r  t e m p e r a t u r e  a n d  f o r  a  l o n g e r  p e r i o d  ( 1 0 s  a t  
8 5 0  ° C ) .
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T h e s e  l a b o r a t o r y  e x p e r i m e n t s  l e a d  u s  t o  c o n c l u d e  t h a t  t h e  o p t i m a l  d e v i c e  
c o n f i g u r a t i o n  i s  a s  f o l l o w s :
T w o  g u a r d - r i n g s  s h o u l d  b e  u s e d
-  A n  n + l a y e r  s h o u l d  b e  i m p l a n t e d  a t  t h e  e d g e  o f  t h e  d e v i c e
-  T h e  a c t i v e - a r e a  s h o u l d  b e  c o v e r e d  w i t h  a n  o x i d e  l a y e r  
F l o a t i n g  g u a r d - r i n g s  s h o u l d  b e  d e p l o y e d
T h e  a c t i v e - a r e a  s h o u l d  b e  i m p l a n t e d  w i t h  2  k e V  B + 3  x  1 0 13 c m '2
- T h e  i m p l a n t a t i o n  u n d e r  t h e  a c t i v e - a r e a ’ s  c o n t a c t  s h o u l d  b e  d e e p  e n o u g h  t o  
p r o v i d e  a  g o o d  o h m i c  c o n t a c t
T h e  a c t i v e - a r e a  a n n e a l i n g  p r o c e s s  s h o u l d  l a s t  1 0 s  a t  a  t e m p e r a t u r e  8 5 0  ° C
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8  F u t u r e  W o r k
T h e  o b j e c t i v e  o f  t h i s  p r o j e c t  w a s  t o  p r o d u c e  p i n - d i o d e  d e t e c t o r s  w i t h  a s  l o w  a  l e a k a g e  
c u r r e n t  a s  p o s s i b l e .
S i  w a f e r s  w i t h  a  r e s i s t i v i t y  o f  5  k G - c m  a n d  1 m s  c a r r i e r  l i f e - t i m e  w e r e  u s e d  f o r  t h i s  
p r o j e c t .  T h e  S i l v a c o  s i m u l a t i o n  i n  F i g u r e  3 9  s h o w s  t h a t  w i t h  a  c a r r i e r  l i f e - t i m e  o f  1 
m s ,  t h e  t a r g e t  l e a k a g e  c u r r e n t  i s  a c h i e v a b l e .
H o w e v e r ,  d u r i n g  d e v i c e  p r o c e s s i n g ,  t h e  c a r r i e r  l i f e - t i m e  d e c r e a s e d  t o  a b o u t  0 .1  m s ,  
w h i c h  i s  n o t  d e s i r a b l e  a s  t h i s  l e a d s  t o  a  h i g h e r  l e a k a g e  c u r r e n t .
S i n c e  t h e  c a r r i e r  l i f e - t i m e  d e c r e a s e s  d u r i n g  t h e  p r o c e s s i n g  o f  t h e  p i n - d i o d e  d e t e c t o r s ,  
w e  s h o u l d  i n  f u t u r e  c h o o s e  S i  w a f e r s  w i t h  c a r r i e r  l i f e - t i m e  h i g h e r  t h a n  1 m s .  W a f e r s  
w i t h  h i g h e r  r e s i s t i v i t y  a n d  h i g h  c a r r i e r  l i f e - t i m e  a r e  u s u a l l y  m o r e  e x p e n s i v e .  A n o t h e r  
p r o b l e m  r e l a t e d  t o  c h o o s i n g  s i l i c o n  w i t h  a  h i g h e r  r e s i s t i v i t y  i s  t h a t  w e  d o  n o t  k n o w  b y  
w h a t  f a c t o r  t h e  c a r r i e r  l i f e - t i m e  w i l l  r e d u c e  a s  a  r e s u l t  o f  t h e  d e v i c e  p r o c e s s i n g  s t e p s  
a n d  t h e  l a b o r a t o r y  e n v i r o n m e n t .
T h i s  c a r r i e r  l i f e - t i m e  r e d u c t i o n  f a c t o r  c a n  b e  f o u n d  b y  p r o c e s s i n g  S i  w a f e r s  w i t h  
d i f f e r e n t  r e s i s t i v i t i e s  u n d e r  t h e  s a m e  l a b o r a t o r y  a n d  p r o c e d u r a l  c o n d i t i o n s ,  m e a s u r i n g  
t h e  c h a n g e s  i n  t h e i r  c a r r i e r  l i f e - t i m e  a t  t h e  e n d  o f  t h e  p r o c e s s .
T h e s e  e x p e r i m e n t s  w o u l d  e n a b l e  u s  t o  i d e n t i f y  t h e  o p t i m a l  r e s i s t i v i t y  f o r  a  S i  w a f e r  
t h a t  y i e l d s  a  c a r r i e r  l i f e - t i m e  a b o u t  1 m s  a t  t h e  e n d  o f  t h e  p r o c e s s i n g .
D e v i c e s  e x p o s e d  t o  p a r t i c l e s  d u r i n g  p r o c e s s i n g  c a u s e  d i s t u r b a n c e s  i n  t h e  S i  l a t t i c e  t h a t  
c a n  s c a t t e r  t h e  c a r r i e r s  a n d  h e n c e  i n c r e a s e  t h e  l e a k a g e  c u r r e n t .  T h e r e f o r e ,  t o  
m a n u f a c t u r e  p i n - d i o d e  d e t e c t o r s  w i t h  a  l o w  l e a k a g e  c u r r e n t ,  w e  s h o u l d  c a r r y  o u t  a n y  
p r o c e s s i n g  i n  a  l o w  c l a s s i f i e d  c l e a n r o o m  ( f e w e r  p a r t i c l e s  p e r m i t t e d  p e r  c u b i c  m e t r e  o f  
a i r ) .  M o r e o v e r ,  c h e m i c a l s  u s e d  i n  t h e  m a n u f a c t u r i n g  o f  t h e  d e v i c e s  s h o u l d  b e  o f  u l t r a  
p u r i t y  g r a d e ,  w h e r e  i m p u r i t i e s  a r e  l o w .  B o t h  o f  t h e s e  p r o c e d u r e s  w o u l d  i n c r e a s e  t h e  
c o s t  o f  t h e  d e v i c e  m a n u f a c t u r e .
I f  t h e  S i  w a f e r  r e s i s t i v i t y ,  c l e a n r o o m  e n v i r o n m e n t  o r  c h o i c e  o f  c h e m i c a l s  c a n n o t  b e  
m o d i f i e d ,  f u t u r e  w o r k  c o u l d  b e  f o c u s e d  o n  c h a n g e s  t o  t h e  p i n - d i o d e  d e v i c e  s t r u c t u r e .
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R e d u c t i o n  o f  t h e  a c t i v e - a r e a  o f  t h e  p i n - d i o d e s  w i l l  r e d u c e  t h e  s u r f a c e  l e a k a g e  
c u r r e n t ,  w h i c h  i s  t h e  d o m i n a n t  c o m p o n e n t  i n  t h e  t o t a l  l e a k a g e  c u r r e n t  ( s e e  
c h a p t e r  6 ) .  T h e  d i s a d v a n t a g e  o f  t h i s  a p p r o a c h  i s  t h a t  a  s m a l l e r  a c t i v e - a r e a  
c o u l d  r e s u l t  i n  t h e  X - r a y  n o t  b e i n g  d e t e c t e d .
W a f e r s  w i t h  a  t h i c k n e s s  l o w e r  t h a n  t h e  4 5 0  p m  u s e d  f o r  t h i s  p r o j e c t  w o u l d  
r e s u l t  i n  a  l o w e r  l e a k a g e  c u r r e n t .  T h e  d i s a d v a n t a g e  i s  t h e  h i g h e r  c o s t  
a s s o c i a t e d  w i t h  t h i n n e r  w a f e r s .
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